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ABSTRACT
ECOLOGICAL DRIVERS OF PLANT COMMUNITY COMPOSITION IN A
PATTERNED FEN AT SENEY NATIONAL WILDLIFE REFUGE, MICHIGAN
By
Alexander J. Graeff
Regional variation in geomorphology, vegetation, fen landforms, and water
chemistry create a variety of unique peatlands across the Northern Hemisphere. In the
Great Lakes region, patterned fens have been extensively studied in northern Minnesota,
but largely ignored in Michigan. The purpose of this study was to describe vegetation,
landforms, and water chemistry in a patterned fen at Seney National Wildlife Refuge.
Percent cover of plant species and environmental variables were measured at 298 relevé
style plots across 6 landform types: triangular swamp forests, featureless water tracks,
peripheral water tracks, strings, flarks, and ponded sedge lawns. Additionally, several
morphometric parameters were calculated using GIS and communities were analyzed
using multivariate techniques. Ordinations reveal variation within and between landform
types related to moisture and chemical gradients. Dune islands contribute to the unique
nature of Seney’s hydrology and are directly associated with (1) ponded sedge lawns, (2)
patterned water tracks, and (3) triangular swamp forests. Many features at the Seney fen
resemble those described in Minnesota’s patterned peatlands, yet there are considerable
differences in vegetation and landform development.
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INTRODUCTION

Patterned fens are peatlands found throughout boreal regions of North America
and Eurasia, and also sparingly in the southern hemisphere. They are characterized by
alternating “strings” and “flarks” which form striking, patterned landscapes. Strings
(from German Stränge) are low shrubby ridges dominated by sphagnum moss or
hummock forming sedges, and flarks (from Swedish flarke) are linear hollows dominated
by hydrophytic species (Heinselman 1965, Glaser 1992a, Rietkerk et al. 2004, Laitinen et
al. 2005, Rydin et al. 2013).
Patterned fens are of global and local conservation concern for a variety of
reasons. Patterned fens and other peatlands sequester and store vast quantities of
atmospheric carbon, and northern peatlands are estimated to contain 270 – 370 Pg of
carbon (Turunen et al. 2002). If increased evapotranspiration with climate warming is not
balanced by increases in precipitation, then significant release of carbon from peatlands
may follow. Patterned fens are also important habitat for plants and animals, including
several rare species (Wright et al. 1992, Slaughter and Cohen 2010). In Michigan,
patterned fens are imperiled because of their rarity and threats from anthropogenic
disturbances (Slaughter and Cohen 2010).
Much of the literature on peatlands and patterned fens comes from northwestern
Europe (e.g. Sjörs 1950, Sjörs and Gunnarsson 2002, Tahvanainen 2004, Laitinen et al.
2005, Tuittila et al. 2007). In North America, patterned fens have been studied in Alaska
(Drury 1956), Canada (Vitt et al. 1975, Foster and King 1984, Karlin and Bliss 1984, Vitt
and Chee 1990), and Minnesota (Heinselman 1963, Glaser et al. 1981, Wright et al.
1

1992). These studies often focus on landform patterns in relation to hydrology, and many
peatland classification schemes have been developed (see Wheeler and Proctor 2000,
Økland et al. 2001). Peatland vegetation is often classified along a poor-rich gradient
correlated with water chemistry variables such as pH, alkalinity, and ion concentration
(often Ca2+) (Sjörs 1950, Heinselman 1963, 1970, Sjörs and Gunnarsson 2002). However,
regional differences in geomorphology, vegetation, fen landforms, and water chemistry
give way to a variety of unique peatlands, which complicates classification (Wheeler and
Proctor 2000, Økland et al. 2001). Nevertheless, water chemistry remains a useful tool
for understanding vegetative and hydrological processes in peatlands and allows for
meaningful comparisons within and between peatland complexes.
Quantitative studies of Michigan’s patterned fens are virtually absent from the
literature. Thus, much of our current understanding of patterned fens in the Great Lakes
region is based on the Red Lake peatlands in northwestern Minnesota (Heinselman 1963,
1970, Glaser et al. 1981, 1990, Wright et al. 1992). In addition to string-flark patterning,
these researchers identified additional landforms with distinctive plant communities and
hydrology: spring-fen channels, featureless water tracks, forested fingers, swamp forest
islands, bog islands, and spring-fen forests. The formation of these landforms can be
attributed to topographic features that influence water movement and delivery of
nutrients across the landscape. Secondarily, key plant groups such as Sphagnum spp. and
sedges influence peat characteristics (e.g., porosity) and rates of accumulation, which
control water movement and chemistry at finer scales.
The Seney fen of Schoolcraft county in Upper Michigan represents the largest
patterned fen in the state and the southernmost major patterned fen in North America
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(Grittinger 1970). Some of the same landforms described from the Red Lake peatlands
can be found in the Seney fen (Heinselman 1965), but others appear to be unique.
Seney’s patterned fen contains thousands of extinct sand dunes (“dune islands”)
interspersed across the landscape. Dune islands appear to be associated with diverted
water flow, enhanced string-flark patterning, and creation of unique plant communities
and peatland features. For example, “ponded sedge lawns” often occur on the upstream
side of dune islands and triangular-shaped swamp forests or shrub communities on the
downstream side. Ponded sedge lawns have not previously been described, and it is
unknown whether triangular swamp forests in Seney bear any relationship to the
superficially similar “tear drop” and “streamlined forest” islands found in Minnesota.
One of the main objectives of this study was to update Heinselman’s (1965) brief
account of the Seney patterned fens with a more objective, quantitative study of how
plant communities vary with respect to landforms and hydrology. This includes an
examination of variation in plant communities between landforms, but also within
landforms. In addition, I wanted to compare Seney with Red Lake because the floras are
distinct as many of the dominant species in Seney do not reach northwestern Minnesota,
and they differ climatologically.
I also addressed how topography influences fen patterning by using morphometric
measurements of fen features to infer developmental processes. In the Red Lake
peatlands, groundwater flow is strongly influenced by subsurface sand and gravel lenses
(Siegel 1992). Furthermore, underlying topographical features (Zoltai and Johnson 1985)
and obstructions to water flow (Glaser 1987) in peatland basins may contribute to
differential landform development. Dune islands in Seney appear to influence hydrology
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and development of several fen landforms. Spatial analysis techniques in GIS were used
to test the relationship between dune islands and other fen features, by mapping and
linking these features using aerial imagery.
Finally, many studies try to explain vegetation in relation to summer only,
surface-water chemistry. However, my approach included both surface and subsurface
samples from late spring and summer. Seney’s water budget undergoes a dramatic
seasonal shift from surface to groundwater inputs (Wilcox et al. 2006), but how different
landforms and vegetation relate to these different water inputs is not well known. I
hypothesized that summer, subsurface (groundwater dominated) water table depths and
chemistry would be more strongly correlated with vegetation patterns than spring and
summer surface measurements.
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METHODS

Study site
Seney fen lies largely within Seney National Wildlife Refuge (SNWR) near
Shingleton, Michigan in Schoolcraft County (46° 14’ N, 86° 11’ W). The study area
covered 30 km2 located mainly in the western portion of SNWR, including Strangmoor
Bog National Natural Landmark (Figure 1). This area includes the most extensive and
pristine patterned fens in Seney.
The basin was once part of glacial Lake Algonquin, which formed c. 10-11 kbp
along the southern margin of Laurentide Ice Sheet, which at that time covered the
Superior Basin (Blewett et al. 2014). The lakebed was subsequently reworked by
subaqueous outwash aprons originating from moraine deposits to the north. These sandy
outwash features correspond to major drainage patterns across Seney. As the ice sheet
retreated and lake level fell, forests rapidly covered the landscape, but a major drying
period 8-10 kbp subsequently led to a major decline in forest cover and exposed sand to
eolian activity. Sand dunes in Seney, some as tall as 10 m, formed 9.5-9.7 kbp and tend
toward parabolic, with arms open to the northwest (Loope et al. 2012). These dunes now
interrupt the peat surface as dune islands.
Seney’s water chemistry is representative of an alkaline fen (Wilcox et al. 2006).
The mineral substrate and peat layer slope approximately 1.1 – 2.3 m per km at 165° and
thus ground and surface water follow the slope of the landscape (Heinselman 1965). Peat
depths range in thickness from a few centimeters to over 2 m (Neff et al. 2005). The fen
is patterned with (1) dune islands; (2) triangular swamp forests (TSF) which occur on the
5

downstream side of dune islands; (3) featureless water tracks (FWT) which are elongated
water tracks which do not exhibit string flark patterning; (4) peripheral water tracks
(PERI) which are narrow, winding, sedge-dominated landforms adjacent to the western
upland margin; (5) ponded sedge lawns (PSL) on the upstream side of dune islands; and
(6) patterned water tracks (PWT) containing strings and flarks (Figure 1A).
The climate of the area is largely influenced by lacustrine processes with Lake
Superior to the north and Lake Michigan to the south (Albert 1995). The long-term
(1971-2000, SNWR station) annual mean temperature is 5.7 °C, with mean high
temperature in January of -3.9 °C and mean high temperature in July of 26.7 °C. Annual
average precipitation is 78.3 cm, with the highest in July (9.22 cm) and lowest in
February (2.97 cm). Average annual snowfall is 287 cm at Seney, but exceeds 400 cm in
northern edge of the peatland basin, where it is strongly enhanced by northwesterly winds
off Lake Superior. Mean yearly growing degree days is (base 10 °C) 1897 (Andresen et
al. 2009).
Seney’s fens have been strongly impacted by ditches, artificial impoundments,
beaver activity, and fire. Walsh Ditch, constructed in 1911, and C3 Pool, built in 1942,
eliminated a particularly strong patterned fen complex in an area called the “Spreads”,
which has become overgrown by coniferous forest (Seong and Lucas 2002). Aerial
photographs also show a 0.5-0.75 km band of partially-drained peatland extending west
of Walsh Ditch, where it impacts part of Strangmoor Bog (Figure 1, Figure 2A). Beavers
(Castor canadensis) have also altered both surface and groundwater flow by building
dams between sand dune islands, especially in the western part of my study area where
string-fen patterning is absent. Drobyshev et al. (2008) sampled fire-scarred pines on the
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dune islands in the Seney Wilderness Area and found a mean fire return interval of 27.9
(SD=21.6) years between 1707 and 2006. Most fires were small (<100 ha), but larger
fires occurred in 1791, 1864, 1891, 1919, and 1976.
Sampling design
Vegetation and water sampling were conducted in 298 relevé-style plots (24 m2)
located systematically along 28 transects in patterned water tracks, ponded sedge lawns,
peripheral water tracks, featureless water tracks, and triangular swamp forests (Table 1,
Figure 3A). Sampling was concentrated in patterned areas (string-flark, triangular swamp
forests, and ponded sedge lawns) supplemented by additional transects in peripheral and
featureless water tracks. Transect length and plot spacing varied depending on the size of
the features above, but most were about 1 km long with 75-100 m between plots.
Transects were oriented parallel to the direction of water flow and located medially to
avoid edge effects.
Environmental data
Water sampling took place at each plot during two different seasons: spring (15
May – 3 June 2016) and summer (5 July to 21 August 2016). Within each plot, water was
collected from the surface of the water table. If there was not standing water, then a small
hole was opened in the peat to expose water. In addition, water was extracted from 10 cm
below the surface of the water table using a soil gas vapor sampler (GVP Retract-A-Tip;
AMS, Inc.; American Falls, ID, USA). Specific conductance and pH were immediately
measured in the field (556 MPS; YSI Incorporated; Yellow Springs, OH, USA). From
both surface and subsurface samples, 6 mL samples were collected in acid washed HDPE
vials and immediately acidified (pH < 2) using nitric acid. These samples were later
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analyzed for calcium ion concentration ([Ca2+]) with spectrometry using the
QuantiChrom Calcium Assay Kit (DICA-500; BioAssay Sytems; Hayward, CA, USA).
Peat depth was determined by pushing a steel probe through the peat until
resistance was met from the underlying mineral soil. Peat depth was measured in the
center and at each end of the plot, then averaged. Width and relative heights of strings
and flarks were measured in the center and at both ends of the plot, and then averaged.
The height of a string relative to the adjoining flark was determined by gently setting a
meter stick in the flark and running cord with an attached level from the top of the string
to the stake. Depth to water table was measured by creating a small hole in the peat, then
measuring the distance from the surface of the peat to the surface of the water. Negative
water table values represent standing water, and positive values represent the depth to the
water table below the soil surface.
Vegetation sampling
Vegetation sampling took place from 5 July to 21 August 2016. Most plots were 6
x 4 m. Plot shape was adjusted slightly to accommodate some narrow strings and flarks,
but the area sampled always totaled 24 m2. Within each plot, vascular plants were
identified to species level when possible and assigned a cover value based on a BraunBlanquet scale where + = <1%, 1 = 1-5%, 2 = 5-25%, 3 = 25-50%, 4 = 50-75%, and 5 =
75-100%, with mean values used in data analyses (Braun-Blanquet 1932). Tall shrubs
and trees were split into three strata (treated as separate species in analyses) where 1 = 0
– 1.5 m, 2 = 1.5 – 3 m, and 3 > 3 m in height. In addition to cover values for each species,
a cover value for all graminoids (Juncaceae, Poaceae, Cyperaceae), Carex, and
Sphagnum was included. In a few cases, similar species were lumped (Carex livida and
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C. limosa, Lysimachia terrestris and L. thyrsiflora, Galium labradoricum and G. trifidum,
some Salix spp.) because separation of the species was not always possible or practical.
Nomenclature follows (Reznicek and Voss 2012). Plant species and codes are listed in
Table 1A.
Data analysis
Several ordinations were performed using PC-ORD version 6 (McCune and
Mefford 2011). Non-metric multidimensional scaling (NMS) was performed with
vegetation data from all plots to characterize plant community composition between plots
and to identify species groupings. NMS only uses plant occurrence data to determine if
species groupings and indirect gradients are present in the dataset. Canonical
correspondence analysis (CCA) was used to evaluate if relationships exist between plant
communities and (a) chemical properties of water and (b) spatial and physical
characteristics of peat landforms (Table 2). All species with less than 3 occurrences were
removed for ordination analysis to reduce the effects of rare and unidentified species.
Row and column scores were standardized with the centering and normalizing method.
Scaling of ordination scores was set to compromise. For graphing, scores were derived
from plant species (WA scores). Because CCA does not tolerate empty fields, missing
values in the environmental data were calculated using multiple linear regression. CCA
was performed with all plots and environmental variables. One objective of this study
was to examine variation in plant composition and environmental variables within
landforms and between landforms. However, subtle relationships and trends within
landforms and between closely related landforms were not easily interpreted in
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ordinations including all plots and landforms. Thus to accomplish this goal, several
subset ordinations including just one or a few landform types were performed.
Statistical analyses of environmental data was performed using R (R
Development Core Team 2017). Linear mixed-effects models were fit using the lme4
package (Bates et al. 2015). Cross-wise comparisons were made using the lsmeans
package (Lenth 2016), where degrees of freedom were calculated with the KenwoodRogers approximation (Halekoh and Højsgaard 2014). For all variables except peat
depth, a linear mixed-effect model was used with “sampling season” and “landform type”
as fixed effects, and “plot” within “transect” as a nested random effect: Y ~
season*landform + (1|transect/plot). For peat depth, a linear mixed-effect model was used
with “landform type” as a fixed effect, and “plot” within “transect” as a nested random
effect: Y ~ landform + (1|transect/plot). I used the lmerTest package (Kuznetsova et al.
2017) for testing models significance, even though such tests are of uncertain value.
Exact p values cannot be computed, but estimates are usually sufficient to render a
verdict on the null hypotheses (=0.05) for balanced designs. Means for environmental
variables are reported as estimated marginal mean ± standard error, and species cover
values are mean ± standard deviation.
Geographic Information System
In ArcGIS (ver. 10.3.1) and ERDAS IMAGINE (ver. 15), I used a combination of
pixel-based and object-based classification techniques along with manual digitizing to
classify the core study area using 2014 aerial imagery from NationalMap (Figure 1).
Patterned water tracks were manually subdivided into polygons with subjectively rated
“intensity classes” (1-5) based on how distinctive the strings and flarks were on the 2014
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imagery. For a more detailed explanation of methods used in classification, see Appendix
A.
The sizes and shapes of the different landforms often give clues to the underlying
processes that formed them (Glaser 1987). In most cases, measurements were extracted
from a minimum of 50 random points on the digitized layers. Means were computed for
average water track width, string and flark lengths perpendicular to flow, string-flark
wavelength (distance between successive features), string-flark amplitude (difference in
spectral response in the infrared band between strings and flarks, 1-256), and triangular
swamp forest length and width.
Several morphometric features were measured and analyzed using spatial analysis
techniques to explore the influence of dune islands on patterning. For all analyses, the
direction of water flow was inferred from the orientation of strings and flarks, since they
form perpendicular to the direction of water flow. First, I tested the correlation between
island width and ponded sedge lawn area. Island width was measured as a “blocking”
distance perpendicular to the prevailing direction of water flow upstream. Second, the
direction of water flow in patterned water tracks was digitized as vectors, having distance
and direction. The direction was digitized at right angles to the orientation of strings and
flarks. Each vector’s distance corresponded to a stretch of water track where the flow
direction was fairly constant. Mean vectors and weighted mean histograms were used to
summarize the variation in flow direction across Seney, and to examine whether flow
direction was influenced by dune islands. Finally, I tested whether the location of
patterned water tracks in Seney corresponded with a minimum spacing among dune
islands. Using GIS, buffers of various distances (e.g. 90 m) were drawn around dune
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islands to determine if there was an optimum spacing where patterned water tracks
occurred.
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RESULTS

Landscape characteristics
Classification of the digitization area yielded 6 cover types: featureless,
tree/shrub, transitional areas, dune islands, ponded sedge lawn, and patterned water tracks
with strings and flarks (Table 3).
More than 3700 dune islands with a median size of 0.11 ha are scattered across
the western part of Seney. Mean island area near the margin of the fen (2167 ± 273 m2)
was greater than in the interior (592 ± 60 m2 ) and the 0.76 islands ha-1 density near the
margin was higher than the 0.36 islands ha-1 in the interior. The 842 islands comprised 78
ha or 3.3% of the within the total digitized study area.
Patterned water tracks occur predominantly in the fen interior where dune islands
are sparsely distributed: 72% of the patterned water track patch area lies in “open fen”
beyond a 90-m buffer around dune islands (Figure 4A). The longest tracks extend 4-8 km
uninterrupted in these areas. The patterns are very different in the far southern part of the
study area, however, where a series of smaller water tracks wind their way at odd angles
through a maze of small dunes (Figure 2a, see Discussion)
Patterned water tracks (mean width 180 ± 102 m, n=53), alternate east-west with
bands of swamp forests and shrub of similar width (mean=238 ± 124 m, n=51) (Table
2A). The individual strings and flarks, however, were discontinuous across the track and
typically spanned less than halfway across. Strings were longer (mean of 62 vs 41 m) and
wider (5.9 vs 3.7 m) than flarks. The average height difference between strings and flarks
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was 34.6 ± 7.0 cm, ranging from 23 – 61 cm. The average distance between successive
strings and flarks was 10.1 ± 5.4 m (Table 3A).
The weighted mean vector orientation of water tracks was 168° ± 20°, but the
directionality changed in relation to island proximity. Major patterned tracks, some >8
km in length, were oriented along the prevailing southeasterly drainage with little
variation (mean vector 168° ± 7°). However, shorter “spurs” (40-350 m in length)
diverged considerably around islands (Figure 2a). The mean westerly deflection was 201°
± 21°, and the easterly was 135° ± 17°; both 33° off the prevailing drainage bearing of
168° (Figure 3).
The scale rating (1-5) of string-flark pattern intensity correlated with several
landform measurements. Intensity was positively correlated with track width (Kendall’s
Tau= 0.4, n=53, p<0.001). For example, tracks were roughly two to three-times wider in
areas of greatest string-flark intensity (Table 2A). More intense patterning was also
associated with shorter string-flark wavelengths and longer strings.
Mean ponded sedge lawn area was 0.29 ha and ranged from 75 m2 to 5.38 ha.
Collectively, ponded sedge lawns made up 3.0% of patterned fen area, and were always
located on the northern, up gradient, side of dune islands. The blocking width of dune
islands was positively correlated with PSL area (r = 0.85, p <0.001, n = 181). When
associated with patterned water tracks, PSLs seem like “super flarks” surrounded by
arcuate strings (Figure 2d).
Triangular swamp forests always originated south, or downstream, of dune islands
in the core study area, where they comprised 43% of the landscape. Isolated TSFs
downstream from a single dune island were triangular in shape (Figure 2b) with an
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average length to width ratio of 3.01 ± 1.14 (n=28), and length of 392 ± 208 m (range
124-790 m). Although TSFs originated from a single or cluster of dune islands, their tails
became more elongated when they intercepted multiple islands lined up in series along
the prevailing drainage orientation of 168o. For example, one TSF that originated behind
a 0.1-ha dune island, intercepted seven smaller islands along its 3.5-km-long tail.
Peat and water chemistry
Linear mixed-effects model analyses showed significant differences in means
among landform types for surface pH, subsurface pH, surface specific conductance,
subsurface specific conductance, surface [Ca2+], subsurface [Ca2+], depth to water table,
and peat depth (Table 4).
Average peat depth of peripheral water tracks (68.2 ± 21.9 cm) was significantly
shallower than other landform types, which were all >165 cm. Strings had the deepest
peat (188.4 ± 10.7 cm), followed by featureless water tracks and flarks. Depth to water
table was mostly split between landforms with standing water (flarks and ponded sedge
lawns) and those with water tables below the surface (string, featureless, and triangular
swamp forest) in spring and summer (Figure 4). Peripheral water tracks were the most
variable, fluctuating from 9.6 ± 3.9 cm above to 9.9 ± 4.0 cm below the surface from
spring to summer (Figure 4, Table 5).
The water chemistry of peripheral water tracks stood out as the most mineral-rich,
with the highest pH (6.6 - 6.9), specific conductance, and [Ca2+] (Figure 4). The
landforms with the deepest peat (strings, featureless) generally had the lowest pH and
specific conductance. The water chemistry for strings and flarks was similar, except
strings had significantly less subsurface calcium than flarks in the spring sample.
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Season (spring vs. summer) was significant for all water-related variables in the
linear mixed models (Table 4). In general, summer water samples were more mineral-rich
than spring, with higher pH, specific conductance, and [Ca2+] across most of the
landforms. However, the significant interaction terms indicate the seasonal trends for
some variables were not consistent across all landforms (Table 4). In particular,
peripheral water tracks (PERI) were more variable seasonally than other landforms, with
a more pronounced rise in surface and subsurface [Ca2+], and subsurface specific
conductance from spring to summer. In addition, surface pH in peripheral water tracks
and subsurface pH in ponded sedge lawns dropped slightly during the summer, unlike
other landforms (Figure 4).
Vegetation and environmental drivers
Across all plots, a total of 150 plants were identified to species level, 6 to genus,
and 7 to family level, while 3 were unidentifiable. Non-metric multidimensional scaling
revealed 4 distinct vegetation groupings (Figure 5). The plant communities of peripheral
water tracks and triangular swamp forests are the most separated from other landform
types in ordination space. Flarks and ponded sedge lawns have similar communities, but
together are distinct from other landform types. Likewise, strings and featureless water
tracks are similar to each other but largely distinct from other landform types.
Plot groupings in CCA plots are similar to the groupings in NMS. When all
landform types are included (CCA1), landforms and vegetation are separated by depth to
water table (DWT) along axis 1 and several water chemistry variables along axis 2
(Figure 6). The most strongly correlated variables with axis 2 are peat depth, spring
surface pH and specific conductance, and summer subsurface [Ca2+] and pH (Table 6).
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CCA with transect averages shows similar trends, but variables with the highest
correlations are somewhat different and the amount of variation explained in the two axes
is higher (CCA2, Figure 7). The strongest correlations with axis 1 include spring and
summer depth to water table, and summer surface [Ca2+]. Axis two is most strongly
correlated with summer subsurface specific conductance and [Ca2+], and surface pH.
There is considerable overlap among triangular swamp forest, featureless water tracks,
and strings at the plot level, but overlap is almost entirely absent with plots averaged by
transect. Thus, analyses with plots treated individually indicate considerable variability
across plots within landforms, but landform types on average are more distinct.
Peripheral water tracks (PERI)
The plant communities of PERI are strongly separated in CCA from other
landform types by shallower peat, more mineral-rich water, and intermediate depth to
water table (Figure 6, Figure 7). The flora of PERI was characterized largely by
graminoid species; Carex lasiocarpa, C. lacustris, C. stricta, C. utriculata, and
Calamagrostis canadensis were the 5 most dominant (Table 7). On average, mean cover
of Carex spp. was 82.1 ± 10.3%, the highest of all landform types. Several species
occurred only in PERI: Asclepias incarnata, Carex utriculata, Cornus sericea, Impatiens
capensis, Lathyrus palustris, Mentha canadensis, Phalaris arundinacea, Platanthera
psycodes, Populus tremuloides, Scirpus cyperinus, Scutellaria galericulata, and Solidago
canadensis (Table 1A). Petasites sagittatus, a state-threatened species, did not occur in
any plot, but was observed only in PERI.
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Strings and featureless water tracks
The similarity in communities and environmental conditions in strings and
featureless water tracks is evident in ordinations at the plot level (CCA1, CCA3), where
they overlap considerably. In CCA1, they are separated from other landforms along a
moisture gradient and occur intermediately along a water chemistry gradient (Figure 6).
The transect-level ordination (CCA2) reveals that strings have slightly deeper peat and
less mineral-rich water in spring than featureless water tracks (Figure 7). The dominant
species are nearly identical (Table 7).
An ordination of strings alone (Figure 8), however, shows considerable variation
within in this landform along a summer pH and depth to water table gradient.
Floristically, this gradient reflects the reciprocal dominance of the two major hummockforming species: Sphagnum and Carex exilis. Strings with <15% Sphagnum cover
averaged 32% C. exilis, whereas plots with >60% Sphagnum averaged just 12% C. exilis.
Several species associated with “rich fen” defined Carex exilis-dominated strings:
Dasiphora fruticosa, Muhlenbergia glomerata, Trichophorum alpinum, and Lobelia
kalmia. In contrast, many woody species were associated with Sphagnum-dominated
strings: Thuja occidentalis, Rhamnus alnifolia, Larix laricina, Chamaedaphne calyculata,
and Betula pumila.
The easternmost featureless and string plots in my study area, nearest Walsh
Ditch, were separated from the rest based on greater depth to water table and abundance
of several species: Rubus setosus, Larix laricina (strata 1) Myrica gale, Trichophorum
cespitosum, and Eriophorum angustifolium.
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Triangular swamp forests (TSF)
CCAs indicate the separation of TSF plots from other landforms is associated
with greater depth to water table and more mineral-rich water, especially with respect to
calcium (Figure 6, Figure 7). Floristically, TSF plots ranged from forested with canopy
trees (strata 3) such as Acer rubrum, Thuja occidentalis, Larix laricina, and/or Picea
mariana; to shrub-thickets (little to no strata 3 cover) dominated by Alnus incana, Betula
pumila, and/or Ilex verticillata. Overall, TSF plots were dominated by Acer rubrum in the
canopy and Ilex verticillata and Alnus incana in the understory. Osmunda regalis (44.4 ±
27.9% cover) dominated the groundcover, along with several Carex species and
Sphagnum (Table 7). A total of 13 Carex species were found in triangular swamp forest
plots, including 4 species not observed in other plots: C. aquatilis, C. canescens, C.
disperma, and C. trisperma (Table 1A). While no individual Carex species were
dominant, overall Carex cover averaged 23.5 ± 17.3%.
Ponded sedge lawns and flarks
Ordinations indicate very similar plant communities and environmental conditions
in ponded sedge lawns and flarks (Figure 5, Figure 6, and Figure 7). Together, they are
separated strongly from other landform types mainly by wetter conditions (depth to water
table), and less so along a water chemistry gradient (Figure 6, Figure 7). When flarks and
sedge lawns are analyzed separately, sedge lawns exhibit a wider range of variation along
the second axis (Figure 8). Most of the separation between the two landforms occurs
along the second ordination axis, which is modestly correlated with several water
chemistry variables (Table 6).
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Floristically, both PSL and flarks were characterized by sedge species such as
Cladium mariscoides, Carex livida/limosa, Rhynchospora alba, and Carex exilis; and
Andromeda glaucophylla. However, their relative dominance differs between these
landforms. For example, Cladium mariscoides had the highest frequency and cover in
PSL (87.7% of plots, mean cover 20.0 ± 23.8%) but the 5th highest cover in flark (8.9 ±
18.3%) (Table 7).
The flark-PSL ordination also shows separation of the two communities based on
a suite of primarily hydric species found in PSL, such as Eriocaulon aquaticum,
Rhynchospora fusca, Nymphaea odorata, Schoenoplectus subterminalis, Utricularia
cornuta, U. gibba, U. vulgaris, Carex oligosperma, and Xyris montana (Figure 8, Table
1A). Conversely, Lobelia kalmii, Eriophorum tenellum, E. angustifolium, and Phragmites
australis subsp. americanus define flarks that are most distinct from PSL.
A transect in the far eastern part of my study area, near Walsh Ditch was
characterized by an unusual suite of flark and PSL species, such as Thalictrum
dasycarpum, Osmunda regalis, Trichophorum alpinum, Trichophorum cespitosum, and
Oclemena nemoralis (Figure 5A). This transect was separated from other sites by greater
depth to water table and lower spring subsurface specific conductance.
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DISCUSSION

Overview and regional context of the Seney fen
My results support the concept of at least six floristically and
hydrogeomorphically distinct landforms in the Seney fen: peripheral water tracks,
triangular swamp forests, featureless water tracks, ponded sedge lawns, strings, and
flarks. The high beta diversity in fens was evident in the four distinct clusters in NMS,
where overlap in species composition was minimal.
The multivariate analysis of plant communities and environmental variables in
Seney was strikingly similar to detrended correspondence analysis results in Glaser
(1992b), with a moisture gradient on axis 1 and a chemical gradients on axis 3 (axis 2 in
this study). Thus, the general trends in peatland plant communities and their relationships
to environmental variables are apparently similar in Michigan and Minnesota. Yet, there
is a considerable variation, especially due to floristic differences. Despite being in same
region, northwestern Minnesota is beyond the range limits of many fen and bog species
typical of eastern North America. For example, several dominant species in Seney (e.g.,
Ilex verticillata in triangular swamp forests, and Carex exilis in flarks) are at or beyond
their range limits in northwest Minnesota.
Some peatland landforms, such as raised bog complexes, are present in Minnesota
patterned peatlands but not in Michigan peatlands. On the other hand, ponded sedge
lawns appear to be unique to the Seney fen. Peripheral water tracks and triangular swamp
forests in Seney also have similar biogeomorphic counterparts in Minnesota such as
spring-fen channels, forested fingers and streamlined tree islands. However, plant
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communities within these related biogeomorphic features are distinct. In the following
section, I will discuss each of the landforms in Seney and the driving forces that are
influencing hydrology, nutrient availability, and plant composition.
Seney Patterned Peatlands: Variation within and between landforms
Peripheral water tracks (PERI)
Peripheral water tracks (PERI) have the most distinctive plant communities in
Seney. The separation of PERI from other landforms in the CCA (Figure 6, Figure 7)
corresponded with shallower peat, higher pH, [Ca2+], and specific conductance. The
highly mineral-rich water could be explained by the proximity of PERIs to adjacent
uplands as well as their shallower peat depths. In addition, the shift between standing
water in spring and water table well below the surface in summer may influence both
peat depth and plant composition (Laitinen et al. 2008). If the summer drawdown in 2016
was part of a typical cycle, then higher decomposition rates and shallower peat would be
expected.
The channel-like landform and water chemistry of PERIs are similar to spring-fen
channels in Minnesota (Glaser et al. 1990), but their floras are dissimilar. The latter are
characterized by Trichophorum cespitosum, Cladium mariscoides, Carex exilis, C.
lasiocarpa, C. livida, C. limosa, and Rhynchospora alba, among others. Several of these,
including Trichophorum cespitosum and Cladium mariscoides which are dominant in
spring-fen channels, are fully absent from PERI. On the other hand, PERI in Seney are
dominated by C. lasiocarpa, C. lacustris, C. stricta, C. utriculata, and Calamagrostis
canadensis, of which the latter four are not noted in Minnesota’s spring-fen channels.
The flora of PERI does not closely resemble described fen communities, and instead
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more closely matches “northern wet meadow” as defined by Kost et al. (2007), which is
often associated with large wetland complexes.
Triangular swamp forests (TSF)
TSFs in Seney have a very distinctive flora that barely overlaps with other plant
communities. Physiognomically, they are similar to “teardrop-shaped tree islands” and
“streamlined bog islands” described by Glaser (1987, 1992c). The 3:1 average length to
width ratio of TSFs in Seney is remarkably close to the 2.5: 1 ratio reported from
multiple sites in Minnesota and Manitoba (Glaser 1987). Glaser effectively modeled the
shape of these bog islands using the same principles of an idealized airfoil exhibiting the
minimum drag coefficient or resistance to flow.
In some fens in Minnesota and Manitoba, Glaser (1987) attributed the formation
of streamlined bog forests to topographic obstructions. In his model, obstructions (e.g.
granite rock outcrop) divert the water track into two flowlines, with sluggish flow behind
the obstruction. Sphagnum preferentially colonizes the sluggish zone, and accumulation
of Sphagnum peat further diverts runoff into the flanking water tracks. Although TSFs in
Seney are clearly associated with obstruction by dune islands, the secondary role of
Sphagnum peat accumulation was not supported. Average Sphagnum cover in TSFs was
only 19%, and thus unlikely to be a major peat-former. Sphagnum growth may be limited
due to mineral-rich groundwater discharge downstream of dune islands, similar to
nutrient input downstream from mineral islands described by Heinselman (1963, 1970).
Under certain circumstances, the irregularities in underlying topography can lead
to differentiation of peatland features even without complete obstruction. Zoltai and
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Johnson (1985) describe a bog island in Alberta, Canada that formed behind a slightly
elevated lens of mineral soil in the underlying layers.
In the Red Lake Peatlands, Glaser (1992c) proposed that bog islands developed as
a long-term, progressive fragmentation of extensive forested swamps at the peatland
margins. Water tracks “carve” minerotrophic channels into the swamp forests that
eventually coalesce leaving isolated, remnant tree islands. There is no evidence that
Seney’s TSF are formed from the degradation of surrounding forested swamps.
Patterned water tracks
Eppinga et al. (2009) emphasized that string-flark patterning could be caused by
several interacting mechanisms. Seney is unusual in that there is again a link to the
obstruction model, whereby dune islands spaced roughly 200 m apart are enough to
channel groundwater flow without disrupting the downstream flow of minerals. Strings
and flarks are absent in areas where dunes are more crowded. The obstruction is
consistent with Bernoulli principles, where flow accelerates along the flanks of dune
islands, creating “chutes” between them. The ability of dune islands to affect water flow
is also supported by their apparent damming effect upstream, forming “ponded sedge
lawns,” and their ability to rotate or deflect string-flark orientation an average of 30
degrees for 10s-100s of meters (Figure 2a).
In Seney, most patterning occurs in long (many km), unobstructed water tracks;
however, there are other cases where strings and flarks develop directly upstream of
dunes. These patterned formations typically involve a few strings alternating with
progressively widening flarks that culminate as a ponded sedge lawn adjacent to the dune
(see Figure 2c). Indeed, Heinselman (1965) observed that flarks were enlarged near dune
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islands. Comas et al. (2005) used ground-penetrating radar to show that pool formation in
a domed bog in Maine was the result local groundwater flow cells associated with
elevated mineral surfaces. Similar upwelling may be associated with dune or other buried
sand features in Seney.
It is worth noting that patterned fens develop in much smaller basins in the same
region. For example, Madsen (1987) described a patterned fen within a 5.5-ha basin
located just west of our study area near Shingleton, Michigan.
Strings
Strings in Seney seem to develop a dichotomy between those dominated by
Sphagnum versus Carex exilis as the major hummock former, yet much of the variation
remains unexplained. Foster and King (1984) also described multiple string types in
Labrador, Canada. One type was characterized by low ridges covered by Carex exilis and
Trichophorum cespitosum, with little woody cover, similar to Carex exilis strings in
Seney. Another type had more elevated, well-developed moss hummocks and woody
plants, like Sphagnum strings at Seney. Water level fluctuation has been shown as an
important factor related to plant community composition (Laitinen et al. 2008), and
sphagnum mosses tend to locally stabilize the water table through water retention. So, the
variation seen between these two string types may be related to the interplay between
Sphagnum, hydrology, and water chemistry. Differences in string community
composition could also represent different stages in succession. Glaser et al. (1981)
speculated that strings may form from Carex exilis clones which initiate hummocks, so it
is possible that Carex exilis strings represent an early successional stage. However,
succession in string-flark patterning is poorly understood.
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Flarks and their relationship to ponded sedge lawns
Flarks and ponded sedge lawns have similar environmental conditions and plant
communities; however, water was typically deeper in ponded sedge lawn; overall plant
cover was higher in flarks; and specific conductance and [Ca2+] were, on average, higher
in flarks (though not significantly). The wetter conditions in ponded sedge lawns can be
attributed to water collecting upstream of islands, as shown by the strong correlation
between dune width and ponded sedge lawn area. Many of the dunes are parabolic
shaped, with their arms curved to the northwest, which probably enhances their ability to
impound water. The wetter conditions favor dominance by Cladium mariscoides in
ponded sedge lawns, which is far less important in flarks. Based on historical aerial
photographs, ponded sedge lawns hold water even when flarks have dried up (personal
observation), which favors species characteristic of more stable pool habitats, such as
Utricularia vulgaris, Utricularia gibba, Utricularia cornuta, Nymphaea odorata, and
Schoenoplectus subterminalis.
It is possible that ponded sedge lawns are formed and maintained in much the
same way as flarks, where water ponding is one mechanism in play (Eppinga et al. 2009);
but the role of water ponding may vary depending on the downstream features (dune
island vs string). In fact, Heinselman (1965) did not describe ponded sedge lawns as
unique entities and simply referred to them as exaggerated flarks.
Featureless water tracks and their relationship to strings
Similarities in vegetation composition and environmental variables of both
featureless and strings are consistent with the results of CCA and NMS, which show plots
of these types grouped together. On average, featureless plots superficially appear like
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strings; they are elevated above the water table with a matrix of several shrubs rooted in
Sphagnum substrate. Some featureless water tracks were consistently dominated by
Sphagnum and shrubs (e.g. 8FWT) while others contained microtopography with
unorganized hummocks and hollows (e.g. 39FWT). However, there is no organized
patterning present in featureless water tracks as there is within patterned water tracks. On
average, both plot types are dominated by sphagnum mosses, exhibit slightly higher peat
depths than other features, and have a general dominance by ericaceous shrubs. The
general dominance of sphagnum mosses is likely related to depth to water table, water
chemistry, and associated vegetation in these features. Accumulation of peat due to
sphagnum mosses is responsible for (1) providing microhabitat for many species by
physically providing substrate which is somewhat elevated above the water table and
more resistant to fluctuations in the water table (Laitinen et al. 2008), and (2) altering
local water chemistry through cation exchange (Clymo 1963).
Possible impacts of ditching on the Seney fen
The easternmost featureless water track (8FWT) and patterned water track
(7PWT) are distinctly separate from others in ordination space. CCA indicates that plots
in these transects separate from others along a water table depth, pH, and specific
conductance gradients. Spatially, these transects lie closest to Walsh Ditch. Ditching in
peatlands is associated with water table drawdown, peat subsidence (Glaser et al. 1981,
Bradof 1992, Hillman 1997), changes in peat characteristics (Okruszko 1995), and
changes in flora (Wilcox et al. 1984, Bradof 1992). In the Seney fen, Wilcox et al. (2006)
noted effects of Walsh Ditch on groundwater to at least 400 m west of the ditch, which
has “resulted in peat subsidence and changes in vegetation and the physical character of
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the peat”. Furthermore, the impact of ditching may have been compounded by a 1976
wildfire which burned most completely near Walsh Ditch (Anderson 1982). The farreaching impacts of Walsh Ditch in Strangmoor Bog National Natural Landmark are
evident from aerial photos (Figure 2A). An analysis of aerial and satellite imagery using
the tasseled-cap transformation by Seong and Lucas (2002) showed differences in
wetness, greenness, and brightness between altered sites near Walsh Ditch and unaltered
sites in the Seney patterned fen. The closest plots in my study were about 900 m from
Walsh Ditch, thus it is unclear whether the proximity of these transects to Walsh Ditch is
directly related to differences in depth to water table, water chemistry, and vegetation.
Unfortunately, without pre-construction data, the direct effects of Walsh Ditch in
Strangmoor Bog National Natural Landmark are unknown.
Water chemistry and vegetation patterns in space and time
Peatland water chemistry and depth depends on sampling methodology, weather,
and seasonality, thus classifying peatlands based on water chemistry and vegetation (i.e.
poor-rich fen gradient) is further complicated by variation in the water chemistry itself
(Vitt et al. 1995, Tahvanainen and Tuomaala 2003). Additionally, the poor-rich
vegetation gradient is perhaps only somewhat correlated with water chemistry (Økland et
al. 2001, Sjörs and Gunnarsson 2002).
Nevertheless, one goal of my study was to see whether surface versus subsurface
water chemistry and spring versus summer samples were better predictors of vegetation
patterns and separation of landforms. I hypothesized that subsurface summer samples
would be better predictors of vegetation patterns because of supposed groundwater
influence rather than spring runoff. However, my results did not support this. In one
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ordination (transect average), for example, spring water samples were more highly
correlated with samples and vegetation scores (Figure 7). In the bulk of the analyses,
however, linear combinations of both spring and summer and surface and subsurface pH,
[Ca2+], and specific conductance separated landforms and communities.
This study identifies depth to water table as one of the most important factors
related to community composition, in conjunction with water chemistry. These findings
are consistent with similar peatland studies (e.g. Glaser et al. 1990, Whitehouse and
Bayley 2005). A few studies have investigated rooting depths of plants in bogs and fens,
which may provide better perspective on the importance of variation in water chemistry
and water table depth on plant community composition. Kozhu et al. (2003) used stable
isotope signatures to track rooting depths of 12 bog-fen species in Japan. They found that
depth of rooting varied from 5 to 200 cm. Some of the deepest rooting species invested
heavily in aerenchymatous tissue to access nutrients at greater depths. Ericaceous shrubs
have shallow roots compared to sedges (Potvin et al. 2015). Although my study
considered both surface and subsurface water chemistry, pH directly in Sphagnum
hummocks is much lower than in the general water table. For example, pH hardly varies
from string to flark within the water table, but the Sphagnum hummocks in strings
presents a very different environment to plants like Drosera rotundifolia, Sarracenia
purpurea, Vaccinium macrocarpon, and Thelypteris palustris that are intolerant of
flooding and known to root above the water table (Emerson 1921). Other species in
strings (e.g. Betula pumila, Eriophorum spp., and many other sedges) root below the
water table.
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Overall vegetation patterns in the Seney reflect 2 of the 3 main life history
strategies in plants as identified by Grime (1977): stress tolerance and competitive
strategies. No landform types experience frequent disturbance, and plant species with
ruderal characteristics are not observed in any of the landform types. The plant
communities in many landforms, however, indicate a high stress environment – likely
related to low nutrient availability and high water levels. Ponded sedge lawns, strings,
flarks, and featureless water tracks all contain slow-growing plants with relatively low
seed production and some evergreen plants. Examples include Andromeda glaucophylla
and Chamaedaphne calyculata. Carnivorous plants like Sarracenia purpurea, Drosera
intermedia, and D. rotundifolia had the highest average cover in these features. These
characteristics are indicative of a high-stress environment, and plants in these landforms
are consistent with the stress-tolerant strategy. Swamp forests and peripheral water
tracks, however, contain plants with extensive above and below-ground lateral spread.
For example, Carex lacustris is a dominant species in peripheral water tracks which
forms extensive stands with dense cover. In swamp forests, deciduous species like Alnus
incana, Ilex verticillata, and Acer rubrum, form dense canopy cover. The growth forms
of such plants in these two landforms types is indicative of low disturbance and low
stress environments, which leads to a competitive strategy in plants in these landforms.
Conclusions
Multiple interacting factors are responsible for the unique vegetation and fen
landforms present in the Seney fen. Much of Glaser’s work in Minnesota’s Red Lake
peatlands emphasized the importance of autogenic processes in the formation of similar
landforms, especially different roles of Sphagnum versus sedge peat in dictating water
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flow. In Seney, this is probably crucial for understanding variation at finer scales (e.g.
string-flark) but appear less important in coarser patterns of water movement.
The overall unique nature of the Seney fen is a result of the dune islands scattered
across the landscape. They are evidently responsible for the obstruction and diversion of
water flow which (1) forms ponded sedge lawns, (2) changes the direction of string flark
patterning, (3) forms elongated water tracks, and (4) contributes to the formation and/or
persistence of triangular swamp forests. Seney provides a clear example where
obstruction of groundwater flow from topographical features strongly influences the
development of most of its landforms.
Further study in the Seney fen should focus on stratigraphic analyses to
understand the origin and development of landform features over time. Additionally,
detailed hydrologic studies could elucidate exactly how dune islands affect water flow,
discharge, and recharge; help clarify the source of mineral-rich water in the western
portion of the fen; and understand how hydrology differs near Walsh ditch and
subsequent effects on vegetation and landforms.
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SUMMARY

The Seney fen is unique among other patterned fens in the literature, largely due
to the occurrence of dune islands. These dune islands create ponded sedge lawns on their
upstream side, which is a feature undescribed in other peatland studies. The triangular
swamp forests associated with dune islands are floristically and chemically similar to tree
islands and forested fingers described in peatland complexes in Minnesota. However,
their occurrence in association with a physical obstruction is unique. Additionally,
patterned water tracks in the Seney fen occur in areas with relatively low island density
and percent area.
Variation in vegetation communities across landform types in the Seney fen is
related to a strong moisture gradient and a chemical gradient. Peripheral water tracks
have a unique plant community associated with high pH, specific conductance, and
calcium concentration. They are the only landform type to average standing water in the
spring and water below the peat surface in the summer. They have the lowest peat depth
among landform types. Ponded sedge lawns and flarks have standing water in the spring
and summer and are characterized by sparse vegetation and several aquatic plant species.
TSFs are characterized many tall shrubs and trees and average water table below the peat
surface. Ordinations indicate their separation from other landform types in relation to
calcium concentration and depth to water table. Featureless water tracks and strings are
largely characterized by sphagnum mosses and low shrubs. They typically have water
table below the surface, deeper peat, and somewhat lower pH than other landform types.
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Variation within landform types across transects occurs from west to east across
the landscape. The easternmost flark, ponded sedge lawn, string, and featureless water
track plots are strikingly different from other of their kind and are subsequently separated
in ordination space. They tend to have lower pH and greater depth to water table than
other plots within the same landforms. Strings have two distinct plant communities: one
with Carex exilis and the major hummock former, the other with Sphagnum. The
environmental factors associated with the differences in these two types are not clear, but
are likely related to the influence of Sphagnum itself on water chemistry and water table
depth.
Overall factors controlling the variation within and across communities in the
Seney fen are similar to findings in other North American peatlands. However, a number
of characteristics are unique to the Seney fen. Further study should focus on hydrology,
peat stratigraphy, and an in-depth examination of water chemistry gradients.
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Table 1. Sampling design details for each landform type studied in the Seney fen at Seney
National Wildlife Refuge.
Landform type

# Transects

# Plots

Spacing (m)

Dimensions

String

9

55

100

8x3, 2x12, 1.5x16

paired with flark

Flark

9

55

100

8x3, 2x12

paired with string

Ponded sedge lawn

9

65

10

6x4

Triangular swamp forest

10

48

75-100

6x4

Peripheral water track

2

24

100

6x4

Featureless water track

7

51

75-100

6x4
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Notes

Table 2. A list of all variables used in analyses with descriptions. The codes represent how variables appear in ordination plots.
Variable
species cover values
pH
specific conductance
calcium concentration
peat depth
depth to water table
relative height
pattern wavelength

Codes
See Table 1A
SURFPH, SUBPH
SURFCON, SUBCON
SURFCAL, SUBCAL
PEATDA
DWT
RELHTA
PATFRQ

pattern amplitude

PATAMP

Description
percent vegetative cover of each species
pH of each water sample (surface and subsurface)
specific conductance of each water sample (surface and subsurface)
concentration of calcium from water sample (surface and subsurface)
peat depth, average from 3 values
distance between peat surface and surface of water table
relative height of feature, average from three values (strings and flarks only)
average distance between successive strings and flarks (strings and flarks only)
a measure of pattern intensity derived from spectral values of neighboring strings
and flarks (strings and flarks only)
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Table 3. Summary of cover types in the core study area at Seney National Wildlife
Refuge (see Figure 1).
Cover Type
Featureless
Tree/Shrub
Transitional
Island
Ponded
PWT

Total area (ha)
277
1000
116
78
71
801

% Total
11.8
42.7
4.9
3.3
3.0
34.2
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Table 4. Significance values from lmerTest for environmental variables within fixed effects, the interaction between fixed
effects, and random effects.
Variable
Peat Depth
Depth to Water Table
Surface pH
Subsurface pH
Surface Specific Conductance
Subsurface Specific Conductance
Surface [Ca2+]
Subsurface [Ca2+]

Landform
< 0.001
< 0.001
< 0.001
< 0.001
0.004
< 0.001
0.006
< 0.001

Season

Landform x Season

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.01
< 0.001
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Random Effects
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

Table 5. Average values (estimated marginal means ± standard error) of environmental variables for each water sampling
period and each landform type. DWT = depth to water table.

Landform type

Season

DWT (cm)

Surface pH

Subsurface
pH

Featureless Water Track

Spring

8.5 ± 2.2

5.61 ± 0.08

5.79 ± 0.06

Surface
Specific
conductance
(µS/cm)
33.8 ± 12.0

Featureless Water Track

Summer

18.4 ± 2.2

6.33 ± 0.09

6.30 ± 0.06

116.8 ± 12.6

110.1 ± 15.6

46.0 ± 6.0

19.9 ± 2.6

Flark

Spring

-6.2 ± 2.0

5.84 ± 0.07

6.13 ± 0.06

22.8 ± 10.6

104.9 ± 13.8

11.5 ± 4.9

18.2 ± 2.3

Flark

Summer

-2.8 ± 2.0

6.42 ± 0.07

6.25 ± 0.06

165.9 ± 10.6

154.7 ± 13.8

41.9 ± 5.0

27.4 ± 2.3

Peripheral Water Track

Spring

-9.6 ± 3.9

6.94 ± 0.15

6.72 ± 1.06

84.6 ± 20.9

155.0 ± 31.1

33.1 ± 8.6

24.1 ± 5.3

Peripheral Water Track

Summer

9.9 ± 4.0

6.70 ± 0.15

6.75 ± 1.06

207.5 ± 21.1

264.0 ± 29.1

82.7 ± 8.8

57.8 ± 4.7

Ponded Sedge Lawn

Spring

-7.6 ± 2.0

6.07 ± 0.07

6.11 ± 0.06

23.2 ± 10.5

96.6 ± 13.6

8.5 ± 4.7

13.7 ± 2.2

Ponded Sedge Lawn

Summer

-5.7 ± 2.0

6.37 ± 0.07

6.09 ± 0.06

131.7 ± 10.5

140.5 ± 13.6

43.0 ± 4.7

17.8 ± 2.2

String

Spring

17.2 ± 2.0

5.74 ± 0.07

5.98 ± 0.06

23.3 ± 10.6

49.7 ± 13.8

17.3 ± 4.9

11.4 ± 2.3

String

Summer

14.6 ± 2.0

6.43 ± 0.07

6.34 ± 0.06

150.9 ± 10.8

155.4 ± 13.8

51.9 ± 5.1

23.4 ± 2.3

Triangular Swamp Forest

Spring

8.8 ± 2.0

5.89 ± 0.07

6.07 ± 0.06

41.4 ± 10.7

75.1 ± 13.7

23.0 ± 5.2

19.3 ± 2.3

Triangular Swamp Forest

Summer

11.7 ± 2.0

6.38 ± 0.07

6.46 ± 0.06

105.8 ± 10.7

121.6 ± 13.6

36.2 ± 5.2

25.9 ± 2.4
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Subsurface
Specific
conductance
(µS/cm)
44.0 ± 15.6

Surface
Calcium
(mg/L)

Subsurface
Calcium
(mg/L)

17.0 ± 5.4

13.2 ± 2.5

Peat Depth
(cm)

180.0 ± 12.2

176.2 ± 10.7

68.2 ± 21.9

172.5 ± 10.6

188.4 ± 10.7

165.6 ± 10.6

Table 6. Inter-set correlations for each environmental variable for two interpreted axes in CCA ordinations with: (1) all plots
(CCA1); (2) plots averaged within transects (CCA2); (3) string, triangular swamp forest, and featureless water track plots
(CCA3); (4) flark and ponded sedge lawn plots (CCA4); (5) string plots (CCA5); and (6) peripheral plots (CCA6). See Table 2
for variable descriptions. See Figures 5 - 8 for corresponding ordination diagrams.
CCA1

CCA2

CCA3

CCA4

CCA5

CCA6

Variable
Code

Axis 1

Axis 2

Axis 1

Axis 2

Axis 1

Axis 2

Axis 1

Axis 2

Axis 1

Axis 2

Axis 1

Axis 2

PEATDA

-0.283

-0.644

-0.095

0.699

0.206

0.053

-0.293

-0.117

0.173

-0.434

-0.817

0.258

DWT1

-0.758

-0.173

0.659

0.541

0.41

-0.132

-0.682

-0.341

0.131

-0.035

-0.619

-0.558

-0.427

0.767

-0.043

SURFPH1

0.368

0.539

-0.11

-0.585

-0.208

-0.454

0.341

0.17

-0.108

SUBPH1

0.297

0.342

-0.077

-0.411

-0.152

-0.301

0.481

-0.025

0.017

-0.339

0.029

0.053

SURFCON1

0.035

0.704

0.429

-0.55

-0.334

-0.261

0.032

-0.226

0.086

0.151

0.61

0.011

SUBCON1

0.506

0.328

-0.308

-0.638

-0.41

-0.276

0.386

-0.194

-0.147

-0.134

0.745

0.397

SURFCAL1

-0.115

0.324

0.484

-0.182

-0.141

-0.312

0.051

-0.2

-0.273

0.496

-0.385

0.072

SUBCAL1

0.039

0.248

0.2

-0.483

-0.375

-0.041

0.365

-0.146

0.212

-0.116

0.605

0.317

DWT2

-0.681

0.103

0.669

0.361

0.182

0.474

-0.811

0.046

0.503

-0.081

0.073

-0.863

SURFPH2

0.251

0.347

-0.016

-0.396

0.097

-0.425

0.688

-0.282

-0.764

0.143

0.648

-0.124

0.124

0.781

-0.055

SUBPH2

-0.149

0.619

0.497

-0.399

-0.325

-0.217

0.419

-0.282

-0.492

SURFCON2

0.369

0.313

-0.198

-0.307

0.171

-0.304

0.411

-0.391

-0.318

0.565

0.718

0.433

SUBCON2

0.326

0.467

-0.07

-0.432

0.089

-0.477

0.426

-0.266

-0.436

0.29

0.842

-0.048

SURFCAL2

0.156

0.283

-0.013

-0.266

0.073

-0.14

-0.108

-0.1

0.1

-0.053

0.71

-0.23

SUBCAL2

0.157

0.625

0.212

-0.68

-0.225

-0.228

0.185

-0.182

-0.315

0.057

0.787

-0.041

RELHTA

0.022

0.243

PATFRQ

-0.115

0.172

PATAMP

-0.052

-0.044
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Table 7. A cross comparison of species typical for each landform type. The 5 species with the highest average percent cover
for each landform type is shown along with average cover (% Cover) and frequency of occurrence (FoO) for each of those
species in contrasting plots.
Landform
Species
Flark
Carex livida/limosa
Andromeda glaucophylla
Rhynchospora alba
Carex exilis
Cladium mariscoides
Featureless Water Track
Sphagnum Total
Chamaedaphne calyculata
Betula pumila strata 1
Andromeda glaucophylla
Aronia prunifolia strata 1
Peripheral Water Track
Carex lasiocarpa
Carex lacustris
Carex stricta
Calamagrostis canadensis
Carex utriculata
Ponded Sedge Lawn
Cladium mariscoides
Carex livida/limosa
Rhynchospora alba
Carex exilis
Andromeda glaucophylla
Triangular Swamp Forest
Osmunda regalis
Sphagnum Total
Ilex verticillata strata 1
Ilex verticillata strata 2
Acer rubrum strata 3
String
Sphagnum Total
Betula pumila strata 1
Carex exilis
Andromeda glaucophylla
Chamaedaphne calyculata

Species
Code

FoO

% Cover

Featureless Water
Track
FoO
% Cover

CARLLL
ANDGLA
RHYALB
CAREXI
CLAMAR

89.1
89.1
76.4
78.2
34.5

30.2 ± 21.5
14.1 ± 15.2
11.3 ± 12.8
9.8 ± 10.2
8.9 ± 18.3

40.0
100.0
10.0
52.0
8.0

3.4 ±5.9
19.6 ±18.7
0.2 ±0.6
5.1 ±7.7
0.0 ±0.1

8.3
0
0
0
0

0.1 ± 0.6
0±0
0±0
0±0
0±0

86.2
75.4
89.2
83.1
87.7

13.2 ± 11.1
12.2 ± 17.0
12.0 ± 10.3
12.7 ± 14.8
20.0 ± 23.8

2.0
40.8
0
0
0

SPHAG
CHACAL
BETPU1
ANDGLA
AROPR1

1.8
61.8
25.5
89.1
20.0

0.1 ± 0.4
3.1 ± 5.1
0.9 ± 2.9
14.1 ± 15.2
0.8 ± 2.9

98.0
100.0
94.0
100.0
92.0

35.3 ±26.6
30.2 ±19.8
26.6 ±16.4
19.6 ±18.7
9.8 ±7.6

0
4.2
4.2
0
0

0±0
0.0 ± 0.0
0.6 ± 3.1
0±0
0±0

15.4
21.5
9.2
75.4
7.7

0.3 ± 1.9
0.5 ± 2.0
0.4 ± 1.9
12.2 ± 17.0
0.1 ± 0.5

CARLAS
CARLAC
CARSTR
CALCAN
CARUTR

89.1
1.8
0
29.1
0

7.2 ± 9.7
0.1 ± 0.4
0±0
0.2 ± 0.4
0±0

36.7 ± 32.6
26.7 ± 32.5
16.2 ± 27.7
12.8 ± 10.0
6.0 ± 13.5

78.5
31.1
0
7.1
0

CLAMAR
CARLLL
RHYALB
CAREXI
ANDGLA

34.5
89.1
76.4
78.2
89.1

8.9 ± 18.3
30.2 ± 21.5
11.3 ± 12.8
9.8 ± 10.2
14.1 ± 15.2

0±0
0.1 ± 0.6
0±0
0±0
0±0

OSMREG
SPHAG
ILEVE1
ILEVE2
ACERU3

20.0
1.8
5.5
0
0

0.5 ± 2.1
0.1 ± 0.4
0.0 ± 0.1
0±0
0±0

SPHAG
BETPU1
CAREXI
ANDGLA
CHACAL

1.8
25.5
78.2
89.1
61.8

0.1 ± 0.4
0.9 ± 2.9
9.8 ± 10.2
14.1 ± 15.2
3.1 ± 5.1

Flark

92.0
4.0
4.0
80.0
0

7.8 ± 9.6
0.0 ± 0.1
1.3 ± 8.8
4.8 ± 5.9
0±0

Peripheral Water
Track
FoO % Cover

83.3
62.5
50.0
87.5
33.3

8.0
40.0
10.0
52.0
100.0

0.0 ± 0.1
3.4 ± 5.9
0.2 ± 0.6
5.1 ± 7.7
19.6 ± 18.7

0
8.3
0
0
0

84.0
98.0
50.0
16.0
0

6.7 ± 8.9
35.3 ± 26.6
7.7 ± 10.3
1.1 ± 3.6
0±0

0
0
0
0
0

98.0
94.0
52.0
100.0
100.0

35.3 ± 26.6
26.6 ±16.4
5.1 ± 7.7
19.6 ± 18.7
30.2 ±19.8

0.0
4.2
0
0
4.2
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Ponded Sedge
Lawn
FoO % Cover

Triangular Swamp
Forest
FoO
% Cover

String
FoO

% Cover

0.0 ± 0.1
0.7 ± 2.3
0±0
0±0
0±0

40.0
100.0
49.1
89.1
23.6

1.0 ± 2.9
20.3 ± 14.1
0.6 ± 1.0
27.1 ± 20.3
0.1 ± 0.4

100.0
65.3
65.3
40.8
73.5

19.3 ± 19.1
4.0 ± 7.3
6.9 ± 9.1
0.7 ± 2.3
4.7 ± 6.0

98.2
100.0
98.2
100.0
80.0

36.2 ± 24.9
18.4 ± 13.1
27.2 ± 16.5
20.3 ± 14.1
6.1 ± 6.4

7.7 ± 7.7
0.6 ± 4.7
0±0
0.1 ± 0.4
0±0

32.7
34.7
36.7
85.7
0

3.0 ± 8.1
4.6 ± 9.0
9.4 ± 16.8
3.7 ± 4.8
0±0

100
0
0
74.5
0

13.4 ± 9.6
0±0
0±0
0.9 ± 1.1
0±0

87.7
86.2
89.2
83.1
75.4

20.0 ± 23.8
13.2 ± 11.1
12.0 ± 10.3
12.7 ± 14.8
12.2 ± 17.0

0
2.0
0
0
40.8

0±0
0.0 ± 0.1
0±0
0±0
0.7 ± 2.3

23.6
40.0
49.1
89.1
100.0

0.1 ± 0.4
1.0 ± 2.9
0.6 ± 1.0
27.1 ± 20.3
20.3 ± 14.1

0±0
0±0
0±0
0±0
0±0

9.2
15.4
1.5
0
0

0.1 ± 0.5
0.3 ± 1.9
0.0 ± 0.1
0±0
0±0

98.0
100.0
91.8
89.8
67.3

44.4 ± 27.9
19.3 ± 19.1
18.7 ± 14.1
17.1 ± 13.4
18.8 ± 21.3

92.7
98.2
43.6
3.6
1.8

12.6 ± 11.5
36.2 ± 24.9
2.9 ± 7.6
0.3 ± 2.0
0.1 ± 0.4

0±0
0.6 ± 3.1
0±0
0±0
0.0 ± 0.0

15.4
9.2
83.1
75.4
21.5

0.3 ± 1.9
0.4 ± 1.9
12.7 ± 14.8
12.2 ± 17.0
0.5 ± 2.0

100.0
65.3
0
40.8
65.3

19.3 ± 19.1
6.9 ± 9.1
0±0
0.7 ± 2.3
4.0 ± 7.3

98.2
98.2
89.1
100.0
100.0

36.2 ± 24.9
27.2 ± 16.5
27.1 ± 20.3
20.3 ± 14.1
18.4 ± 13.1

Figure 1. The study area and digitized core area in relation to Strangmoor Bog National Natural Landmark at Seney National
Wildlife Refuge, Upper Michigan. Map coordinates are UTM zone 16N (NAD83).
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Figure 2. Aerial imagery of selected areas in the Seney fen. Images A, C and D are from
1998 Michigan DNR false-color infrared imagery, Photo B is from NationalMap 2014
Natural Color imagery. Image A: An area of high island concentration which illustrates
patterned water tracks diverging from the prevailing direction. Image B: Dune islands
and their associated triangular swamp forests. Image C: Dune islands which exhibit
strengthened patterning on the upstream side. Image D: An area of patterning with
several “super flarks”.
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Figure 3. Weighted mean vector lengths by direction of patterned water tracks in the
Seney fen.

44

Figure 4. Boxplots of environmental data for each landform type, separated by water sampling period (spring and summer).
Letters at the top in each plot show significance, where landform types sharing a letter are not statistically different and
landform types with no shared letters are statistically different (α = 0.05).
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Figure 5. Non-metric multidimensional scaling ordinations with all plots. Distance
measure used was Bray-Curtis. The solution was 2 dimensional with a final stress of
15.05 and instability <0.0001. For 250 iteration Monte-Carlo randomization test, p =
0.004. Plots are coded by type, with polygons drawn around each type to emphasize
groupings.
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Figure 6. Canonical correspondence analysis showing the relationship between plots (left), select species (right) and all
environmental variables (CCA1). For clarity, some species were omitted from the species ordination. Abbreviations for
environmental variables: SUB- prefix=subsurface, SURF-prefix=surface, 1=spring sample, 2=summer sample, PEAT=peat
depth, DWT=depth to water table, CON=specific conductance, and CAL=calcium. Species codes are the first three letters of
the genus followed by the first three letters of the epithet (see Table 7 for dominant species or Appendix 1A). Eigenvalues for
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axes 1 and 2 were 0.426 (7.5%) and 0.240 (4.2%) respectively. Vectors shown have r2 > 0.3. For 998 iteration Monte-Carlo
randomization test, p = 0.001.
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1
2
3

Figure 7. Canonical correspondence analysis with plots grouped by transect (CCA2).
Eigenvalues for axes 1 and 2 were 0.675 (18.7%) and 0.379 (10.5%), respectively. Vectors
shown have r2 > 0.25. For 998 iteration Monte-Carlo randomization test, p = 0.001.
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Figure 8. Canonical correspondence analysis subset ordinations with all environmental variables. Left: Plots from strings
(CCA5), where plots are grouped by dominant hummock forming species. “Equal” indicates that Sphagnum and Carex exilis
cover are equal for the plot. Eigenvalues for axes 1 and 2 were 0.140 (8.0%) and 0.099 (5.7%) respectively. Vectors shown
have r2 > 0.25. For 998 iteration Monte-Carlo randomization test, p = 0.02. Right: Flark and ponded sedge lawn plots (CCA4).
Eigenvalues for axes 1 and 2 were 0.354 (9.5%) and 0.173 (4.6%), respectively. Vectors shown have r2 > 0.45. For 998
iteration Monte-Carlo randomization test, p = 0.001.

50

REFERENCES

Albert, D.A. 1995. Regional landscape ecosystems of Michigan, Minnesota and
Wisconsin: a working map and classification. General Technical Report NC-178,
U.S. Forest Service, North Central Forest Experiment Station, St. Paul, MN.
Anderson, S.H. 1982. Effects of the 1976 Seney National Wildlife Refuge wildfire on
wildlife and wildlife habitat. Resource Publication 146, U.S. Fish and Wildlife
Service, Washington, D.C.
Andresen, J., P. Kurtz, C. Sernick, and A. Pollyea. 2009. Climate statistics: normal &
Statistics [online]. Michigan State Climatologist’s Office. Available from
https://climate.geo.msu.edu/climate_mi/index.html [accessed 18 June 2018].
Bates, D., Mächler, M., Bolker, B., and Walker, S. 2015. Fitting linear mixed-effects
models using lme4. J. Stat. Softw. 67(1).
Blewett, W.L., Drzyzga, S.A., Sherrod, L., and Wang, H. 2014. Geomorphic relations
among glacial Lake Algonquin and the Munising and Grand Marais moraines in
eastern Upper Michigan, USA. Geomorphology 219: 270–284.
Bradof, K.L. 1992. Impact of ditching and road construction on Red Lake Peatland. In
The patterned peatlands of Minnesota. Edited by H.E. Wright, B. Coffin, and N.E.
Aaseng. University of Minnesota Press, Minneapolis. pp. 173–186.
Braun-Blanquet, J. 1932. Plant sociology; the study of plant communities. Edited by G.D.
Fuller and H.S. Conard. McGraw-Hill Book Company, New York.
Clymo, R.S. 1963. Ion exchange in Sphagnum and its relation to bog ecology. Ann. Bot.
27(2): 309–324.
51

Drury, W.H. 1956. Bog flats and physiographic processes in the upper Kuskokwim River
region, Alaska. Gray Herbarium, Harvard University, Cambridge.
Emerson, F.W. 1921. Subterranean organs of bog plants. Bot. Gaz. 72(6): 359–374.
Eppinga, M.B., de Ruiter, P.C., Wassen, M.J., and Rietkerk, M. 2009. Nutrients and
hydrology indicate the driving mechanisms of peatland surface patterning. Am.
Nat. 173(6): 803–818.
Foster, D.R., and King, G.A. 1984. Landscape features, vegetation and developmental
history of a patterned fen in south-eastern Labrador, Canada. J. Ecol. 72(1): 115–
143.
Glaser, P.H. 1987. The development of streamlined bog islands in the continental interior
of North America. Arct. Alp. Res. 19(4): 402–413.
Glaser, P.H. 1992a. Peat landforms. In The patterned peatlands of Minnesota. Edited by
H.E. Wright, B. Coffin, and N.E. Aaseng. University of Minnesota Press,
Minneapolis. pp. 3–14.
Glaser, P.H. 1992b. Vegetation and water chemistry. In The patterned peatlands of
Minnesota. Edited by H.E. Wright, B. Coffin, and N.E. Aaseng. University of
Minnesota Press, Minneapolis. pp. 15–26.
Glaser, P.H. 1992c. Ecological development of patterned peatlands. In The patterned
peatlands of Minnesota. Edited by H.E. Wright, B. Coffin, and N.E. Aaseng.
University of Minnesota Press, Minneapolis. pp. 27–42.
Glaser, P.H., Janssens, J.A., and Siegel, D.I. 1990. The response of vegetation to
chemical and hydrological gradients in the Lost River peatland, northern
Minnesota. J. Ecol. 78(4): 1021–1048.

52

Glaser, P.H., Wheeler, G.A., Gorham, E., and Wright, H.E., Jr. 1981. The patterned mires
of the Red Lake peatland, northern Minnesota: vegetation, water chemistry and
landforms. J. Ecol. 69(2): 575–599.
Grime, J.P. 1977. Evidence for the existence of three primary strategies in plants and its
relevance to ecological and evolutionary theory. Am. Nat. 111(982): 1169–1194.
Grittinger, T.F. 1970. String bog in southern Wisconsin. Ecology 51(5): 928–930.
Halekoh, U., and Højsgaard, S. 2014. A Kenward-Roger approximation and parametric
bootstrap methods for tests in linear mixed models–the R package pbkrtest. J.
Stat. Softw. 59(9): 1–30.
Heinselman, M.L. 1963. Forest sites, bog processes, and peatland types in the Glacial
Lake Agassiz Region, Minnesota. Ecol. Monogr. 33(4): 327–374.
Heinselman, M.L. 1965. String bogs and other patterned organic terrain near Seney,
Upper Michigan. Ecology 46(1/2): 185–188.
Heinselman, M.L. 1970. Landscape evolution, peatland types, and the environment in the
Lake Agassiz Peatlands Natural Area, Minnesota. Ecol. Monogr. 40(2): 235–261.
Hillman, G.R. 1997. Effects of engineered drainage on water tables and peat subsidence
in an Alberta treed fen. In Northern Forested Wetlands: Ecology and
Management. Edited by C. Trettin, M.F. Jurgensen, D.F. Grigal, M.R. Gale, and
J.K. Jeglum. Lewis Publishers, Boca Raton, Florida. pp. 253–272.
Karlin, E.F., and Bliss, L.C. 1984. Variation in substrate chemistry along
microtopographical and water-chemistry gradients in peatlands. Can. J. Bot.
62(1): 142–153.

53

Kohzu, A., Matsui, K., Yamada, T., Sugimoto, A., and Fujita, N. 2003. Significance of
rooting depth in mire plants: evidence from natural 15N abundance. Ecol. Res.
18(3): 257–266.
Kost, M.A., Albert, D.A., Cohen, J.G., Slaughter, B.S., Schillo, R.K., Weber, C.R., and
Chapman, K.A. 2007. Natural communities of Michigan: classification and
description. Report 2007-21, Michigan Natural Features Inventory, Lansing, MI.
Kuznetsova, A., Brockhoff, P.B., and Christensen, R.H.B. 2017. lmerTest Package: tests
in linear mixed effects models. J. Stat. Softw. 82(13).
Laitinen, J., Rehell, S., and Huttunen, A. 2005. Vegetation-related hydrotopographic and
hydrologic classification for aapa mires (Hirvisuo, Finland). Ann. Bot. Fenn.
42(2): 107–121.
Laitinen, J., Rehell, S., and Oksanen, J. 2008. Community and species responses to water
level fluctuations with reference to soil layers in different habitats of mid-boreal
mire complexes. Plant Ecol. 194(1): 17–36.
Lenth, R.V. 2016. Least-squares means: the R package lsmeans. J. Stat. Softw. 69(1).
Loope, W.L., Loope, H.M., Goble, R.J., Fisher, T.G., Lytle, D.E., Legg, R.J., Wysocki,
D.A., Hanson, P.R., and Young, A.R. 2012. Drought drove forest decline and
dune building in eastern upper Michigan, USA, as the upper Great Lakes became
closed basins. Geology 40(4): 315–318.
Madsen, B.J. 1987. Interaction of vegetation and physical processes in patterned
peatlands: a comparison of two sites in Upper Michigan. Ph.D dissertation.
University of Michigan, Ann Arbor, MI.

54

McGarigal, K., and Marks, B.J. 1995. FRAGSTATS: spatial pattern analysis program for
quantifying landscape structure. General Technical Report PNW-GTR-351, U.S.
Forest Service, Pacific Northwest Research Station.
Neff, B.P., Weaver, T.L., and Wydra, D.G. 2005. Changes in streamflow patterns related
to hydrologic restoration of a sedge fen wetland in Seney National Wildlife
Refuge, Michigan, 1998-2004. Scientific Investigations Report 2005-5137, U.S.
Geological Survey, Reston, Virginia.
Økland, R.H., Økland, T., and Rydgren, K. 2001. A Scandinavian perspective on
ecological gradients in north-west European mires: reply to Wheeler and Proctor.
J. Ecol. 89(3): 481–486.
Okruszko, H. 1995. Influence of hydrological differentiation of fens on their
transformation after dehydration and on the possibilities for restoration. In
Restoration of Temperate Wetlands. Edited by B.D. Wheeler, S.C. Shaw, W.J.
Fojt, and R.A. Robertson. Wiley, Chichester, UK. pp. 113–119.
R Development Core Team. 2017. A language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria.
Reznicek, A.A., and Voss, E.G. 2012. Field manual of Michigan flora. University of
Michigan Press, Ann Arbor.
Rietkerk, M., Dekker, S.C., Wassen, M.J., Verkroost, A.W.M., and Bierkens, M.F.P.
2004. A putative mechanism for bog patterning. Am. Nat. 163(5): 699–708.
Rydin, H., Jeglum, J.K., and Bennett, K.D. 2013. The biology of peatlands. Oxford
University Press, Oxford.

55

Seong, J.C., and Lucas, A.C. 2002. Characterizing human impacts on wetlands using
satellite imagery at Seney, Michigan, U.S.A. Geogr. J. Korea 36: 51–61.
Siegel, D.I. 1992. Groundwater hydrology. In The patterned peatlands of Minnesota.
Edited by H.E. Wright, B. Coffin, and N.E. Aaseng. University of Minnesota
Press, Minneapolis. pp. 163–172.
Sjörs, H. 1950. On the relation between vegetation and electrolytes in north Swedish mire
waters. Oikos 2(2): 241–258.
Sjörs, H., and Gunnarsson, U. 2002. Calcium and pH in north and central Swedish mire
waters. J. Ecol. 90(4): 650–657.
Slaughter, B.S., and Cohen, J.G. 2010. Natural community abstract for patterned fen.
Michigan Natural Features Inventory, Lansing, MI.
Tahvanainen, T. 2004. Water chemistry of mires in relation to the poor-rich vegetation
gradient and contrasting geochemical zones of the north-eastern Fennoscandian
Shield. Folia Geobot. 39(4): 353–369.
Tahvanainen, T., and Tuomaala, T. 2003. The reliability of mire water pH
measurements—a standard sampling protocol and implications to ecological
theory. Wetlands 23(4): 701–708.
Tuittila, E.-S., Väliranta, M., Laine, J., and Korhola, A. 2007. Quantifying patterns and
controls of mire vegetation succession in a southern boreal bog in Finland using
partial ordinations. J. Veg. Sci. 18(6): 891–902.
Turunen, J., Tomppo, E., Tolonen, K., and Reinikainen, A. 2002. Estimating carbon
accumulation rates of undrained mires in Finland–application to boreal and
subarctic regions. The Holocene 12(1): 69–80.

56

Vitt, D.H., Achuff, P., and Andrus, R.E. 1975. The vegetation and chemical properties of
patterned fens in the Swan Hills, north central Alberta. Can. J. Bot. 53(23): 2776–
2795.
Vitt, D.H., Bayley, S.E., and Jin, T.-L. 1995. Seasonal variation in water chemistry over a
bog-rich fen gradient in continental western Canada. Can. J. Fish. Aquat. Sci.
52(3): 587–606.
Vitt, D.H., and Chee, W.-L. 1990. The relationships of vegetation to surface water
chemistry and peat chemistry in fens of Alberta, Canada. Vegetatio 89(2): 87–
106.
Wheeler, B.D., and Proctor, M.C.F. 2000. Ecological gradients, subdivisions and
terminology of north-west European mires. J. Ecol. 88(2): 187–203.
Whitehouse, H.E., and Bayley, S.E. 2005. Vegetation patterns and biodiversity of
peatland plant communities surrounding mid-boreal wetland ponds in Alberta,
Canada. Can. J. Bot. 83(6): 621–637.
Wilcox, D.A., Apfelbaum, S.I., and Hiebert, R.D. 1984. Cattail invasion of sedge
meadows following hydrologic disturbance in the Cowles Bog wetland complex,
Indiana Dunes National Lakeshore. Wetlands 4(1): 115–128.
Wilcox, D.A., Sweat, M.J., Carlson, M.L., and Kowalski, K.P. 2006. A water-budget
approach to restoring a sedge fen affected by diking and ditching. J. Hydrol.
320(3–4): 501–517.
Wright, H.E., Coffin, B., and Aaseng, N.E. (Editors). 1992. The patterned peatlands of
Minnesota. University of Minnesota Press, Minneapolis.

57

Zoltai, S.C., and Johnson, J.D. 1985. Development of a treed bog island in a
minerotrophic fen. Can. J. Bot. 63(6): 1076–1085.

58

APPENDIX A

SUPPLEMENTAL TEXT, TABLES, AND FIGURES

GIS Methodology
Due to the complexity involved in classification of patterned peatlands from aerial
photography, I used a combination of manual digitizing, pixel-based classification, and
object-based classification using ArcGIS and ERDAS IMAGINE. Digitization was based
on 2014 natural color imagery (USDA-FSA-APFO 2014) with a near infrared band. The
area for classification was defined as minimum bounding convex polygon of all the
sampled points (excluding 30 peripheral) with a 500-m buffer applied. This area allowed
for a circular moving window with a maximum 500-m window for computation of
landscape statistics. To minimize differences in aerial images, I used the MosaicPro tool
in ERDAS IMAGINE. A mosaic image of 4 original photos covering the study area was
created using histogram matching and image dodging.
To classify patterned water tracks and PSL, the mosaicked image was modified
using the tasseled cap transformation. The tasseled cap image was then enhanced using
dynamic range adjustment to separate wet areas from dry areas. For PSL, supervised
classification was performed to separate the image into two classes: wet and dry, where
PSLs fell within the wet class. To separate the relatively simple sedge lawns from
complex flarks, texture analysis (ERDAS IMAGINE) was performed with a windows
size of 5 and operator set to “variance”. A low pass filter was applied to the result, and
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supervised classification separated highly textured areas from less textured areas. The
thematic result was converted to vector format, and polygons representing PSL were
extracted using a point feature. Patterning was classified from the enhanced tasseled cap
image within polygons drawn around patterned water tracks. Supervised classification
was used, and the resulting thematic image represents strings and flarks.
To classify the remaining, unpatterned areas, supervised classification was used. I
used segment mean shift (SMS) in ArcMap as a generalization technique with the green,
red, and infrared bands. Dune islands (manually digitized), patterning, and PSL were cut
from the image, and the remaining areas were classified with 6 classes representing trees
and shrubs, transition zones, and featureless areas. The final thematic image was recoded
as necessary, and some classes were grouped, then the image was converted to vector
format.
All classified features in vector format were pasted into a common feature class,
then converted back to raster format for image analysis. The final image contains 7
classes: ponded sedge lawn, flark, string, shrub/forest, featureless, dune islands, and
transition.
Landscape metrics used in multivariate analyses were calculated using a
combination of FRAGSTATS (McGarigal and Marks 1995), ArcGIS, and ERDAS
IMAGINE (Table 5A). Distances and angles to features were calculated using proximity
analysis. Waveform properties of string/flark patterning were calculated in the infrared
band using spatial profile in ERDAS IMAGINE along a 50-m line perpendicular to each
string/flark pair. From the output, average amplitude and average wavelength between
successive strings/flarks were calculated manually by plotting the position along the line
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on the x-axis and spectral response on the y-axis. Patterns on the spatial profile graph
were compared to 2014 imagery to confirm the actual positions of strings and flarks. The
distances between peaks were averaged and the difference between successive peaks and
troughs were averaged.
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Table 1A . A list of all species encountered in relevé plots in the Seney fen and their six-character codes. Those marked with a * were
identified in some plots but lumped in analyses because of inability consistently ID to species.
Species
Acer rubrum
Agrostis scabra
Alnus incana
Amelanchier sp.
Andromeda glaucophylla
Anemone quinquefolia
Arethusa bulbosa
Aronia prunifolia
Asclepias incarnate
Asteraceae 3
Betula papyrifera
Betula pumila
Bromus ciliatus
Calamagrostis canadensis
Calopogon tuberosus
Caltha palustris
Campanula aparinoides
Carex 1
Carex aquatilis
Carex brunnescens
Carex canescens
Carex chordorrhiza
Carex disperma
Carex exilis
Carex lacustris
Carex lasiocarpa
Carex leptalea
Carex limosa*

Code
ACERU
AGRSCA
ALNIN
AMELSP
ANDGLA
ANEQUI
AREBUL
AROPR
ASCINC
ASTER1
BETPA
BETPU
BROCIL
CALCAN
CALTUB
CALPAL
CAMAPA
CAREX1
CARAQU
CARBRU
CARCAN
CARCHO
CARDIS
CAREXI
CARLAC
CARLAS
CARLEP
CARLIM

FLARK
x
x

FWT
x
x
x

PERI
x
x
x

PONDED
x
x
x

TSF
x
x
x
x
x

STRING
x
x
x

x

x

x

x

x

x
x

x

x

x
x

x

x
x

x

x

x

x

x

x
x

x
x
x

x

x

x
x

x

x
x

x
x
x
x
x

x
x

x

x

x
x
x

x
x
x
x

x
x
x
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x
x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

x
x
x

x

Carex livida*
Carex magellanica
Carex oligosperma
Carex section stellulatae
Carex stricta
Carex tenuiflora
Carex trisperma
Carex utriculata
Chamaedaphne calyculata
Chelone glabra
Cicuta bulbifera
Cladium mariscoides
Comarum palustre
Coptis trifolia
Corallorhiza trifida
Cornus sericea
Cyperaceae 7
Cypripedium acaule
Dasiphora fruticosa
Doellingeria umbellata
Drosera intermedia
Drosera rotundifolia
Dryopteris cristata
Dryopteris intermedia
Dulichium arundinaceum
Eleocharis elliptica
Epilobium ciliatum
Epilobium leptophyllum
Equisetum fluviatile
Eriocaulon aquaticum
Eriophorum angustifolium
Eriophorum tenellum
Eriophorum viridicarinatum
Euthamia graminifolia

CARLIV
CARMAG
CAROLI
CARSTE
CARSTR
CARTEN
CARTRI
CARUTR
CHACAL
CHEGLA
CICBUL
CLAMAR
COMPAL
COPTRI
CORTRI
CORSER
CYPER7
CYPACA
DASFRU
DOEUMB
DROINT
DROROT
DRYCRI
DRYINT
DULARU
ELEELL
EPICIL
EPILEP
EQUFLU
ERIAQU
ERIANG
ERITEN
ERIVIR
EUTGRA

x

x
x

x

x
x
x

x
x

x
x
x
x
x

x
x

x

x
x

x
x
x
x
x

x
x
x

x
x
x
x

x
x

x

x
x
x
x

x

x
x

x
x
x
x
x

x
x
x

x
x

x

x
x
x
x

x
x

x

x
x

x
x

x
x

x
x

x

x
x

x
x

x

x

x
x
x
x
x

x

x

x
x

x

x
x
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x

x
x
x

x
x

x
x
x
x
x
x
x
x

x

x

x
x

x
x
x
x

x

Eutrochium maculatum
Fagus grandifolia
Forb 1
Forb 4
Forb 6
Galium labradoricum*
Galium trifidum*
Galium triflorum
Gaultheria procumbens
Gentiana rubricaulis
Glyceria canadensis
Glyceria striata
Ilex mucronata
Ilex verticillata
Impatiens capensis
Iris versicolor
Juncus canadensis
Juncus pelocarpus
Larix laricina
Lathyrus palustris
Lobelia kalmii
Lonicera oblongifolia
Lonicera villosa
Lycopus uniflorus
Lysimachia terrestris*
Lysimachia thyrsiflora*
Maianthemum canadense
Maianthemum trifolium
Malaxis unifolia
Mentha canadensis
Menyanthes trifoliata
Muhlenbergia glomerata
Myrica gale
Nymphaea odorata

EUTMAC
FAGGRA
FORB1
FORB4
FORB6
GALLAB
GALTRI
GALTR2
GAUPRO
GENRUB
GLYCAN
GLYSTR
ILEMU1
ILEVE1
IMPCAP
IRIVER
JUNCAN
JUNPEL
LARLA1
LATPAL
LOBKAL
LONOBL
LONVIL
LYCUNI
LYSTER
LYSTHY
MAICAN
MAITRI
MALUNI
MENCAN
MENTRI
MUHGLO
MYRGAL
NYMODO

x

x
x
x
x
x

x

x

x
x

x

x
x
x
x

x

x
x
x
x

x
x
x

x

x

x

x
x
x

x
x
x
x

x
x
x
x

x
x

x

x
x

x

x

x
x

x

x
x
x

x
x
x
x

x
x

x
x

x
x
x

x

x

x
x
x
x
x
x
x
x
x

x
x
x

x

x
x
x
x

x
x
x

x

x
x
x
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x
x

x
x
x

Oclemena nemoralis
Onoclea sensibilis
Orchidaceae 1
Osmunda regalis
Persicaria sp.
Phalaris arundinacea
Phragmites australis subsp. americanus
Physocarpus opulifolius
Picea mariana
Pinus resinosa
Pinus strobus
Platanthera clavellata
Platanthera lacera
Platanthera psycodes
Poaceae 2
Poaceae 4
Pogonia ophioglossoides
Populus tremuloides
Pyrola americana
Rhamnus alnifolia
Rhododendron groenlandicum
Rhynchospora alba
Rhynchospora fusca
Rosa palustris
Rubus acaulis
Rubus pubescens
Rubus setosus
Rumex orbiculatus
Salix bebbiana
Salix candida
Salix lucida*
Salix pedicellaris
Salix petiolaris
Salix serissima*

OCLNEM
ONOSEN
ORCHI1
OSMREG
PERSSP
PHAARU
PHRAUS
PHYOPU
PICMA
PINRE
PINST
PLACLA
PLALAC
PLAPSY
POACE2
POACE4
POGOPH
POPTRE
PYRAME
RHAALN
RHOGRO
RHYALB
RHYFUS
ROSPAL
RUBACA
RUBPUB
RUBSET
RUMORB
SALBE
SALCA
N/A
SALPED
SALPE
N/A

x

x

x

x

x

x
x

x
x

x

x

x

x

x

x

x
x
x

x
x
x
x
x
x
x
x

x

x
x

x
x

x

x
x
x

x

x

x

x
x
x
x
x

x
x
x

x
x
x
x

x
x
x
x

x
x

x
x
x

x
x
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x
x
x

x

x
x
x

x
x

x
x

x
x
x
x
x

x
x
x

x
x

x

Sarracenia purpurea
Scheuchzeria palustris
Schoenoplectus subterminalis
Scirpus cyperinus
Scutellaria galericulata
Solidago canadensis
Solidago rugosa
Solidago uliginosa
Spiraea alba
Spiraea tomentosa
Spiranthes cernua
Spiranthes sp(p).
Symphyotrichum boreale
Symphyotrichum lanceolatum
Symphyotrichum puniceum
Thalictrum dasycarpum
Thelypteris palustris
Thuja occidentalis
Triadenum fraseri
Trichophorum alpinum
Trichophorum cespitosum
Trientalis borealis
Triglochin maritima
Typha latifolia
Utricularia cornuta
Utricularia gibba
Utricularia intermedia
Utricularia vulgaris
Vaccinium angustifolium
Vaccinium macrocarpon
Vaccinium myrtilloides
Vaccinium oxycoccos
Viburnum cassinoides
Viola macloskeyi*

SARPUR
SCHPAL
SCHSUB
SCICYP
SCUGAL
SOLCAN
SOLRUG
SOLULI
SPIALB
SPITOM
SPICER
SPIRSP
SYMBOR
SYMLAN
SYMPUN
THADAS
THEPAL
THUOC
TRIFRA
TRIALP
TRICES
TRIBOR
TRIMAR
TYPLAT
UTRCOR
UTRGIB
UTRINT
UTRVUL
VACANG
VACMAC
VACMYR
VACOXY
VIBCA
N/A

x
x

x

x
x
x

x

x
x

x
x
x
x
x

x
x
x

x
x

x

x
x
x

x

x
x
x

x

x
x
x
x
x
x

x
x
x

x
x
x
x
x
x
x

x

x

x

x
x
x

x
x
x
x
x
x

x
x
x
x
x
x
x

x
x

x
x
x
x
x
x

x
x

x

x

x

x
x

x
x

x
x
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x
x
x
x
x

x
x

x

x

x
x
x
x

x
x

Viola sp.
Xyris montana

VIOLSP
XYRMON

x
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Table 2A. Average (mean ± SE) water track widths grouped by patterning intensity

Intensity

N

Width (m)

Range (m)

1
2
3
4
5
All

7
20
19
2
5
63

103 ± 23
155 ± 20
196 ± 22
241 ± 46
304 ± 45
180 ± 14

35-199
31-361
51-453
196-287
125-372
31-453
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Table 3A. Averages (mean ± standard error) of string and flark characteristics by transect and by pattern intensity. Values are
derived from actual plot locations, and no plots fell within pattern intensity class 1. Two N values indicate strings and flarks,
respectively.
N

Wavelength
(m)

Amplitude

String
Length (m)

Flark
Length (m)

String
Width (m)

Flark
Width (m)

Height
Difference (cm)

Transect
13PWT
15PWT
18PWT
24PWT
2PWT
36PWT
41PWT
7PWT
9PWT

6
8
5
6
7
7
6
6
4

17.3 ± 5.5
9.0 ± 1.1
8.0 ± 0.6
8.8 ± 0.7
9.7 ± 0.7
8.8 ± 1.0
8.3 ± 0.6
10.9 ± 1.6
10.0 ± 1.2

57.8 ± 17.4
47.1 ± 4.1
52.7 ± 2.7
67.0 ± 9.7
62.0 ± 2.9
47.1 ± 2.4
48.3 ± 3.8
50.7 ± 5.5
45.4 ± 4.5

18 ± 4
93 ± 13
110 ± 17
101 ± 20
38 ± 8
56 ± 12
52 ± 4
41 ± 8
43 ± 7

35 ± 5
47 ± 8
72 ± 17
39 ± 6
35 ± 6
38 ± 6
35 ± 11
37 ± 7
30 ± 5

5.26 ± 0.6
6.11 ± 0.6
6.97 ± 1.0
4.53 ± 0.7
5.77 ± 0.6
5.09 ± 0.8
6.03 ± 0.8
6.18 ± 0.6
7.78 ± 1.6

2.43 ± 0.26
4.74 ± 1.22
3.03 ± 0.20
4.47 ± 0.67
4.15 ± 0.39
2.72 ± 0.25
3.37 ± 0.36
4.72 ± 0.71
3.22 ± 0.49

35.2 ± 4.28
35.1 ± 1.75
38 ± 1.80
38.8 ± 6.14
35.1 ± 1.63
30.6 ± 0.83
33.7 ± 1.40
30.7 ± 1.75
35.5 ± 1.77

Intensity
2
3
4
5

15, 14
20, 21
13
7

12.8 ± 2.4
9.3 ± 0.5
8.8 ± 0.8
8.8 ± 0.7

56.2 ± 7.2
49.0 ± 1.9
51.7 ± 3.1
61.9 ± 8.6

32 ± 5
48 ± 4
89 ± 10
113 ± 19

34 ± 4
37 ± 4
55 ± 9
39 ± 6

5.77 ± 0.4
6.16 ± 0.5
5.94 ± 0.5
5.11 ± 0.6

3.47 ± 0.34
3.69 ± 0.26
3.94 ± 0.80
3.94 ± 0.56

32.1 ± 5.1
35.6 ± 5.3
35.5 ± 6.9
35.7 ± 11.6

Total

55

10.1 ± 0.7

53.2 ± 2.5

62 ± 5

41 ± 3

5.87 ± 0.3

3.72 ± 0.24

34.6 ± 0.9
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Table 4A. Average values (estimated marginal means ± standard error) of environmental variables for each water sampling
period and transect. DWT = depth to water table.

Surface
Specific
conductance
(µS/cm)

Subsurface
Specific
conductance
(µS/cm)

Surface
Calcium
(mg/L)

Subsurface
Calcium
(mg/L)

Transect

Season

DWT (cm)

Surface pH

Subsurface
pH

10SF

Spring

9.7 ± 5.9

6.00 ± 0.15

5.37 ± 0.15

48.3 ± 20.4

126.7 ± 25.7

27.6 ± 15.7

23.4 ± 6.5

10SF

Summer

11.7 ± 5.9

6.53 ± 0.15

6.36 ± 0.15

134.0 ± 20.4

198.3 ± 25.7

15.7 ± 15.7

32.0 ± 6.5

11FWT

Spring

8.4 ± 4.6

5.32 ± 0.11

5.34 ± 0.11

23.2 ± 15.8

46.4 ± 19.9

33.2 ± 12.2

9.2 ± 5.7

11FWT

Summer

12.2 ± 4.6

6.39 ± 0.11

6.35 ± 0.11

170.0 ± 15.8

210.4 ± 19.9

41.8 ± 12.2

24.2 ± 5.1

12FWT

Spring

21.5 ± 5.1

5.65 ± 0.13

5.89 ± 0.13

19.0 ± 17.6

42.3 ± 22.2

27.3 ± 13.6

13.8 ± 5.7

12FWT

Summer

14.0 ± 5.1

6.51 ± 0.13

6.29 ± 0.13

169.0 ± 17.6

161.5 ± 22.2

42.0 ± 13.6

28.5 ± 5.7

13PWT

Spring

-1.9 ± 2.3

5.79 ± 0.06

6.05 ± 0.06

21.7 ± 8.1

84.6 ± 10.2

22.5 ± 6.4

18.6 ± 2.6

13PWT

Summer

-8.5 ± 2.3

6.58 ± 0.06

6.33 ± 0.06

182.4 ± 8.1

191.4 ± 10.2

44.9 ± 6.6

28.3 ± 2.7

14SF

Spring

12.5 ± 7.2

5.54 ± 0.18

6.13 ± 0.18

18.0 ± 24.9

61.0 ± 31.5

19.2 ± 19.3

15.7 ± 8.0

14SF

Summer

5.0 ± 7.2

6.43 ± 0.18

6.27 ± 0.18

155.0 ± 24.9

103.5 ± 31.5

32.6 ± 19.3

31.8 ± 8.0

15PWT

Spring

0.4 ± 2.1

6.02 ± 0.05

6.18 ± 0.05

22.6 ± 7.2

104.5 ± 9.1

10.3 ± 5.6

17.1 ± 2.3

15PWT

Summer

-0.7 ± 2.1

6.55 ± 0.05

6.31 ± 0.05

125.3 ± 7.2

158.0 ± 9.1

29.7 ± 5.7

26.0 ± 2.3

16SF

Spring

14.4 ± 3.6

6.04 ± 0.09

6.23 ± 0.09

39.8 ± 12.5

64.4 ± 15.7

14.0 ± 9.6

14.8 ± 4.0

16SF

Summer

13.4 ± 3.6

6.39 ± 0.09

6.24 ± 0.09

97.8 ± 12.5

112.8 ± 15.7

32.0 ± 9.6

22.2 ± 4.0

17FWT

Spring

7.0 ± 2.8

5.52 ± 0.07

5.77 ± 0.07

25.9 ± 9.4

39.6 ± 11.9

25.6 ± 7.3

18.7 ± 3.0

17FWT

Summer

17.9 ± 2.7

6.32 ± 0.07

6.41 ± 0.07

62.9 ± 9.4

116.4 ± 11.9

54.9 ± 7.3

21.6 ± 3.0

18PWT

Spring

1.3 ± 2.7

6.16 ± 0.07

6.14 ± 0.07

20.6 ± 9.4

101.2 ± 11.9

10.0 ± 7.3

14.2 ± 3.1

18PWT

Summer

6.1 ± 2.7

6.53 ± 0.07

6.36 ± 0.07

180.9 ± 9.4

198.0 ± 11.9

75.7 ± 7.3

25.3 ± 3.1

1FWT

Spring

3.2 ± 4.2

6.05 ± 0.10

6.15 ± 0.10

30.8 ± 14.4

53.5 ± 18.2

10.7 ± 11.1

11.8 ± 4.6

1FWT

Summer

2.2 ± 4.2

6.54 ± 0.10

6.42 ± 0.10

175.8 ± 14.4

81.8 ± 18.2

59.8 ± 11.1

24.5 ± 4.6
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Peat Depth
(cm)
132.2 ± 7.7
165.1 ± 7.5
166.9 ± 4.6
135.4 ± 4.1
105.3 ± 26.0
173.9 ± 6.2
176.2 ± 13.6
187.7 ± 8.3
198.9 ± 8.6
153.6 ± 3.5

21SF

Spring

14.5 ± 7.2

6.06 ± 0.18

6.42 ± 0.18

66.0 ± 24.9

75.0 ± 31.5

48.4 ± 19.3

22.5 ± 8.0

21SF

Summer

14.0 ± 7.2

6.32 ± 0.18

6.34 ± 0.18

96.0 ± 24.9

163.5 ± 31.5

29.4 ± 19.3

19.4 ± 11.2

22SF

Spring

5.5 ± 7.2

5.99 ± 0.18

6.22 ± 0.18

38.5 ± 24.9

88.5 ± 31.5

17.8 ± 19.3

14.5 ± 8.0

22SF

Summer

12.5 ± 7.2

6.55 ± 0.18

6.54 ± 0.18

89.0 ± 24.9

156.0 ± 31.5

26.0 ± 19.3

26.2 ± 8.0

24PWT

Spring

0.9 ± 2.5

5.71 ± 0.06

5.94 ± 0.06

17.1 ± 8.6

85.5 ± 10.8

8.4 ± 6.8

15.7 ± 2.8

24PWT

Summer

3.4 ± 2.5

6.51 ± 0.06

6.25 ± 0.06

198.9 ± 8.6

189.4 ± 10.8

49.0 ± 6.6

23.9 ± 2.8

29SF

Spring

9.7 ± 3.8

5.95 ± 0.10

6.11 ± 0.10

33.1 ± 13.3

45.4 ± 16.8

15.2 ± 10.3

15.8 ± 4.6

29SF

Summer

9.9 ± 3.8

6.34 ± 0.10

6.62 ± 0.10

58.3 ± 13.3

71.6 ± 16.8

22.0 ± 10.3

22.0 ± 4.3

2PWT

Spring

1.8 ± 2.4

5.99 ± 0.06

6.18 ± 0.06

21.6 ± 8.3

70.3 ± 10.5

7.5 ± 6.4

12.7 ± 2.7

2PWT

Summer

0.5 ± 2.4

6.54 ± 0.06

6.24 ± 0.06

146.6 ± 8.3

104.2 ± 10.5

40.2 ± 6.4

18.4 ± 2.7

30FWT

Spring

14.0 ± 5.1

6.15 ± 0.13

6.10 ± 0.13

23.8 ± 17.6

36.5 ± 22.2

4.1 ± 13.6

9.1 ± 5.7

30FWT

Summer

17.3 ± 5.1

6.23 ± 0.13

6.33 ± 0.13

39.5 ± 17.6

72.8 ± 22.2

20.1 ± 13.6

16.5 ± 6.5

31PERI

Spring

-14.8 ± 2.9

7.14 ± 0.07

N/A

103.3 ± 10.2

N/A

24.3 ± 7.9

31PERI

Summer

11.4 ± 3.1

6.80 ± 0.08

6.89 ± 0.08

290.2 ± 11.2

349.8 ± 22.2

128.8 ± 8.6

79.8 ± 5.7

32PERI

Spring

-4.5 ± 2.9

6.74 ± 0.07

6.64 ± 0.07

65.9 ± 10.2

90.7 ± 12.8

41.8 ± 7.9

13.8 ± 3.3

32PERI

Summer

10.0 ± 2.9

6.58 ± 0.07

6.66 ± 0.07

131.3 ± 10.2

193.3 ± 12.8

42.4 ± 7.9

43.3 ± 3.4

34SF

Spring

-5.0 ± 4.6

5.58 ± 0.11

6.12 ± 0.11

33.0 ± 15.8

75.0 ± 19.9

41.2 ± 12.2

21.3 ± 5.1

34SF

Summer

14.4 ± 4.6

6.37 ± 0.11

6.57 ± 0.11

96.0 ± 15.8

128.8 ± 19.9

75.0 ± 12.2

25.8 ± 6.5

36PWT

Spring

-2.4 ± 1.9

6.00 ± 0.05

6.14 ± 0.05

23.9 ± 6.6

89.8 ± 8.3

11.9 ± 5.1

16.0 ± 2.1

36PWT

Summer

-6.0 ± 1.9

6.58 ± 0.05

6.24 ± 0.05

168.1 ± 6.6

154.1 ± 8.3

35.4 ± 5.1

24.3 ± 2.1

37SF

Spring

16.8 ± 5.1

5.83 ± 0.13

6.45 ± 0.13

21.8 ± 17.6

89.8 ± 22.2

21.8 ± 13.6

30.2 ± 5.7

37SF

Summer

6.0 ± 5.1

6.57 ± 0.13

6.41 ± 0.13

154.3 ± 17.6

147.5 ± 22.2

49.2 ± 13.6

25.7 ± 5.7

39FWT

Spring

9.0 ± 5.1

5.68 ± 0.13

6.33 ± 0.13

69.5 ± 17.6

42.8 ± 22.2

23.0 ± 13.6

12.1 ± 5.7

39FWT

Summer

8.5 ± 5.1

6.29 ± 0.13

5.94 ± 0.13

132.8 ± 17.6

85.8 ± 22.2

54.9 ± 13.6

13.3 ± 5.7

3SF

Spring

6.8 ± 5.1

6.12 ± 0.13

6.23 ± 0.13

60.3 ± 17.6

71.5 ± 22.2

56.3 ± 15.7

21.3 ± 5.7

3SF

Summer

3.3 ± 5.1

6.61 ± 0.13

6.65 ± 0.13

158.8 ± 17.6

102.3 ± 22.2

46.5 ± 13.6

31.0 ± 5.7

41PWT

Spring

0.8 ± 2.1

5.76 ± 0.05

5.95 ± 0.05

19.5 ± 7.2

52.8 ± 9.1

7.7 ± 5.6

7.7 ± 2.3

41PWT

Summer

0.9 ± 2.1

6.07 ± 0.05

6.03 ± 0.05

58.3 ± 7.2

79.0 ± 9.1

55.7 ± 5.7

12.1 ± 2.5

5SF

Spring

10.3 ± 2.9

5.62 ± 0.07

5.67 ± 0.07

25.0 ± 10.2

39.6 ± 13.4

4.4 ± 7.9

15.4 ± 3.4

5SF

Summer

19.0 ± 2.9

5.99 ± 0.07

6.37 ± 0.07

73.7 ± 10.2

79.3 ± 12.8

22.7 ± 8.2

23.2 ± 3.6
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N/A

194.8 ± 12.5
195.0 ± 6.3
196.0 ± 3.4
220.0 ± 11.6
190.2 ± 3.7
187.2 ± 32.6
38.8 ± 6.1
107.3 ± 7.3
125.1 ± 13.4
173.6 ± 5.2
140.5 ± 10.6
180.3 ± 5.7
185.2 ± 10.9
183.2 ± 6.2
204.4 ± 10.3

7PWT

Spring

5.7 ± 2.5

5.76 ± 0.06

5.86 ± 0.06

22.8 ± 8.8

40.2 ± 11.1

8.8 ± 6.8

10.7 ± 2.9

7PWT

Summer

25.6 ± 2.5

5.65 ± 0.07

5.90 ± 0.06

68.5 ± 10.2

68.0 ± 11.1

52.9 ± 8.6

14.3 ± 3.0

8FWT

Spring

12.2 ± 2.8

5.15 ± 0.07

5.38 ± 0.07

18.9 ± 9.8

29.8 ± 12.3

3.8 ± 7.6

11.0 ± 3.1

8FWT

Summer

39.7 ± 2.9

N/A

6.08 ± 0.08

9PWT

Spring

-2.9 ± 2.7

5.85 ± 0.07

6.23 ± 0.07

19.7 ± 9.4

118.9 ± 11.9

19.8 ± 7.3

16.6 ± 3.0

9PWT

Summer

-1.2 ± 2.7

6.47 ± 0.07

6.35 ± 0.07

219.8 ± 9.4

220.3 ± 11.9

33.3 ± 7.6

31.7 ± 3.0

N/A
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58.0 ± 13.9

N/A

195.8 ± 6.0
206.1 ± 6.8

14.4 ± 3.8
140.4 ± 3.9

Figure 1A. Aerial photos showing fen landforms in three different regions of the study
area: A) a complex of dune islands, ponded sedge lawns, triangular swamp forests, and
patterned water tracks containing strings and flarks; B) a featureless water track between
two large triangular swamp forests; C) the western portion of the fen with peripheral
water tracks in a network of dune islands and uplands. Large arrows show the
approximate direction of water flow. Sources: Esri, DigitalGlobe, GeoEye, i-cubed,
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USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS
User Community
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Figure 2A . Aerial photo of the Seney fen depicting “The Spreads”, an area of altered hydrology
due to Walsh Ditch. North is toward the top of the photo. The peatland surrounding Walsh Ditch
and The Spreads appears different than the intact patterned fen on the left. See Figure 1 for the
relation of The Spreads to the study area.
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Figure 3A. All sampled transects within the Seney fen. Numbers correspond with
“TRANSECT” in Table 4A.
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Figure 4A. A digitized map of the Seney fen showing areas of patterning and buffered
islands. "A" shows an area where islands are too closely spaced to permit patterning. "B"
shows the areas where narrow patterned tracks develop near islands at the southern
terminus of the fen.
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Figure 5A. Canonical correspondence analysis with all plot types except peripheral water
tracks. Plots in the easternmost transects, 8FWT, 5SF, and 7PWT for each landform type
are represented by hollow symbols of the same shape for each landform in the legend.
Eigenvalues for axes 1 and 2 were 0.547 (8.1%) and 0.202 (3.0%), respectively. Vectors
shown have r2 > 0.2. For 998 iteration Monte-Carlo randomization test, p = 0.001.
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